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Driskell, Melissa M. Ph.D. The University of Memphis. December 2012. 3D Double 
Difference Tomography of the Middle America Subduction Zone Beneath Nicaragua 
and Costa Rica. Major Professor: Heather R. DeShon. 
Waveform and arrival onset data collected on five amphibious arrays 
deployed along the Costa Rica-Nicaragua portion of the Middle America subduction 
zone are integrated to conduct high resolution velocity and location studies.  Pick 
quality is evaluated using an automated arrival detection algorithm based on the 
wavelet transform and Akaike information criterion, resulting in revised pick weights 
for inversion studies. I explore the effect of new weighting and removal of poor data 
by relocating hypocenters through a minimum one dimensional velocity model and 
conducting double-difference local earthquake tomography (LET).  Analysis of the 
hypocenter relocation and seismic velocity tomography results suggest that using the 
improved quality determinations improve sharpness in the velocity images.   
Double-difference LET, utilizing catalog derived absolute and differential 
times and waveform cross-correlation derived differential times, is conducted with 
the quality-controlled dataset. Results show improved hypocentral locations of 
seismogenic zone earthquakes and compressional and shear velocity structure of the 
seismogenic zone. There is high variability in seismic structure along the length of the 
margin. I find that the up-dip limit of seismogenic zone microseismicity is variable 
but approximately corresponds to the 150°C isotherm. The downdip limit of 
interseismic microseismicity occurs near the continental Moho intersection with the 
subducting plate interface. Seismicity is sparser in Nicaragua and low velocities 
dominate the margin. Low Vp and high Vp/Vs in the oceanic mantle suggest 
serpentinization. Seismogenic zone seismicity resides in a low Vp and low Vp/Vs 
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band that parallels the top of the high-velocity subducting slab. This low velocity 
band thin and weakens from north to south. This may reflect decreasing hydration or 
changes in overpressure along the plate interface. The addition of data from the 
TUCAN experiment provides additional raypath coverage along margin due to the 
broader aperture of the array. The results are compared to the coarse model and an 
ancillary method of calculating high-resolution Vp/Vs measurements. Using the 
highest resolution data along the Nicoya peninsula, we find that regions with 
subduction tremor and slow slip are associated with high Vp zones.  These regions 
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1 INTRODUCTION  
 
Since the advent of the theory of plate tectonics, it is now understood that much of 
the Earth’s dynamic processes, including earthquake activity, mountain building, and 
volcanism, are the result of the interaction of tectonic plates. These plates are comprised 
of the Earth’s crust and the uppermost mantle creating the rigid, cool lithosphere. The 
lithosphere sits on top of the weak, hot asthenosphere. The mechanical differences 
between the lithosphere and asthenosphere accommodate the motion between the 
lithospheric plates and the underlying mantle, providing a first order understanding of the 
mechanisms of plate tectonics.  
Most of the movement of the tectonic plates is accommodated along the narrow 
margins between the plates. Therefore most of the Earth’s active processes take place at 
these margins. The plate boundary types are defined by the relative motions between the 
adjoining plates: convergent for plates moving towards each other, divergent for plates 
moving away, and transform when the plates are sliding past one another. These systems 
work together to create and destroy oceanic crust and reconfigure the plates as they 
move. Subduction occurs at convergent margins where oceanic crust created at divergent 
mid-ocean ridge systems dives down into the mantle providing one of the main forces 
needed to drive plate movement at the surface. The force of gravity pulls the cold, dense 
slab of lithosphere down into the hot, convecting mantle, aiding ridge push at the surface.  
 
2"
The largest earthquakes occur along subduction zones where the surface area of 
potential plate coupling between the subducting plate and overriding plate is largest. This 
area releases about 80% of the worldwide seismic energy (e.g. Pacheo & Sykes, 1992). 
Moreover, the descending tectonic plate dehydrates, melting the overriding mantle, and 
produces arc magmatism and volcanic eruptions at the surface. The forearc region, 
between the subduction trench and the volcanic arc, is an area of extreme hazard. High 
occurrence of seismicity, volcanism, and tsunamis all threaten low-lying coastal 
populations.  
Despite their role in plate tectonics and the hazard they pose, subduction 
processes are still poorly understood. Understanding the nature of earthquake faulting 
remains a top priority in the seismological community (Lay, ed., 2009). Many studies 
have attempted to define the up- and down-dip limits of seismogenic zone rupture, since 
the possible moment release at any given subduction zone is controlled by the size of the 
area of rupture, which may vary along-strike (e.g. Scholz, 2002; Scholz & Campos, 2012) 
and along dip (Lay et al., 2012) of the subduction megathrust fault. The area that is 
capable of producing these earthquakes is termed the seismogenic zone. Usually defined 
by teleseismically recorded small to moderate earthquakes, the seismogenic zone is most 
often constrained to the forearc crust interface with the subducting plate (Fig. 1.1). 
Recently, the up- and down-dip extent of microseismicity or geodetic areas of plate 
locking help refine what we term as the seismogenic zone in heavily instrumented areas.  
























































































































   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   























































































































































et al., 2012). Recent seismic studies along with the rupture of several great earthquakes 
have shown that the location and size of the seismogenic zone varies globally. For 
example, the shallow megathrust at ~5-10 km in depth (usually underlying the 
accretionary prism) is often thought of as the area that primarily accommodates plate 
motion aseismically, that is, with frictional properties incapable of brittle failure. Yet 
moderately sized events termed “tsunami earthquakes” (Kanamori, 1972; Newman & 
Okal, 1998; Polet & Kanamori, 2000; Lay & Bilek, 2007) do occasionally rupture 
through this region, though these events generally exhibit unusually long source time 
functions and are deficient in high frequency energy (Bilek & Lay, 1999; Lay & Bilek, 
2007). Recent large earthquakes, such as the M 9.2 2004 Sumatra and M9 2011 Tohoku, 
have exhibited rupture all the way to the trench (e.g. Ammon et al., 2011; Lay et al., 
2011; Yue & Lay, 2011; Koper et al., 2012) suggesting that for larger ruptures the 
shallow megathrust may not act as a rupture barrier as it seems to do in smaller events 
(Lay et al., 2012). At the down-dip limit, recent observations have shown that instead of 
an abrupt change from seismic to aseismic conditions, there exists a complex transition 
zone where a variety of seismic phenomenon occur including slow slip events (SSE), 
non-volcanic tremor (NVT), and low frequency events (LFE) previously undetected (see 
reviews by Beroza & Ide (2011) and Ide (2012)) (Fig. 1.1). This behavior seems to reside 
at the upper and lower bounds of the seismogenic zone, suggesting that they represent a 
frictional environment somewhere in between the stick-slip behavior of seismogenic 
earthquakes and the steady sliding that occurs at depth. These shallow and deep seismic 
events have broadened the traditional seismogenic zone and thus increased the area of 
potential rupture of any one earthquake. The great spectrum of earthquake rupture and 
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global subduction zone variability suggest that a complex interaction of properties, like 
temperature, pore fluids, mineral/rock type, pressure, fault roughness, etc., probably 
control seismogenic zone behavior.  
Since most subduction seismogenic zones lie offshore, our knowledge of the 
extent of the seismogenic zone and where seismogenic zone earthquakes are generated is 
crucial to understanding the seismic and tsunami hazard for low-lying coastal 
communities.  Past global studies have attempted to constrain the seismogenic zone at 
different margins. Since the seismogenic zone is usually below ocean and not land, these 
studies are normally hampered by a lack of offshore instrumentation to record offshore 
seismicity. The Nicaragua/Costa Rica segment of the Middle America subduction zone is 
well suited to address this problem. First, the two peninsulas of Costa Rica, Nicoya and 
Osa (Fig. 1.2), are situated such that they lie above the seismogenic zone allowing for 
land stations to better record seismicity. Second, five amphibious experiments have been 
conducted along the margin (from southern Nicaragua to southern Costa Rica) in the past 
decade (Fig. 1.2).  
Previous studies of seismic velocity, attenuation, and earthquake location have 
also shown that seismogenic zone behavior is strongly influenced by plate structure, 
temperature, and fluid-related processes (Hyndman & Wang, 1993; Protti et al., 1994; 
Protti et al., 1995; Hyndman et al., 1997; von Huene et al., 1995; Barckhausen et al. 
2001; Fisher et al., 2001; Protti et al., 2001; Harris & Wang, 2002; Newman et al. 2002; 
Currie et al., 2002; Bilek et al. 2003; DeShon & Schwartz 2004; Ranero et al., 2005; 
Schwartz & DeShon, 2007; Rychert et al., 2008; Syracuse et al., 2008). This makes the 
Costa Rica/Nicaragua segment of the Middle America subduction zone a natural 
" 6"
laboratory for studying how the along strike variability controls the seismogenic zone 
behavior. Because of its complex tectonic history, the subducting crust and overlying 
plate are highly variable in age, temperature, topography, and geologic history along this 
very short distance (Hey, 1977; Langseth & Silver, 1996; Meschede et al., 1998; Ranero 
& von Huene, 2000; von Huene et al., 2000; Barckhausen et al., 2001; Harris & Wang, 
2002; Spinelli & Saffer, 2004; Hutnak et al., 2007; Barckhausen et al., 2008). It is also a 
type location for subduction erosion.  For these reasons, this margin was chosen as a 
focus site for NSF MARGINS Seismogenic Zone Experiment (SEIZE) and Subduction 
Factory programs and the German SFB 574 Volatiles and Fluid Flux in Subduction Zone 
Collaborative Program to elucidate dynamic subduction zone processes and structure and 
identify primary processes controlling the rupture extent of large earthquakes. 
Previously, local earthquake tomography-derived velocity models aimed at 
characterizing lateral and down-dip variability along this seismogenic zone have been 
limited to individual experiments, using a variety of inversion techniques, and most 
frequently only using P travel times. This dissertation uses an integrated and quality-
controlled P and S arrival time data set from five onshore/offshore experiments using a 
single tomographic technique to create 3D Vp and Vs tomography images along the 
margin. These images will be used to compare and contrast along strike changes in 
subduction zone velocity and seismicity properties. I characterize how these properties 
relate to incoming plate changes and overriding plate morphology. New high precision 
hypocenters are provided to locate the subduction megathrust fault, to compare up- and 
down-dip limits to current thermal and other geophysical models, to correlate changes in 






Figure 1.2: Geographical setting and station distribution of the five arrays integrated and 
utilized in this tomography study of southern Nicaragua and Costa Rica. Stations are 
shown as colored triangles and consisted of land and ocean-bottom instruments. The 
Cocos plate, which is subducting at the Middle America Trench (MAT), was created at 
the East Pacific Rise (EPR) and the Cocos-Nazca Spreading Center (CNS) (see Fig. 2.1). 
These tectonic boundaries are shown on the seafloor with dashed lines. The yellow stars 
indicate the locations of two recent large events occurring during the CRSEIZE and SFB 
deployments. Focal mechanisms are given for each. 
 
  





































morphology, and to explore spatial changes in seismicity and velocity structure along 
strike.  
Chapter 2 provides a summary of the tectonic setting and main geological features 
of the region. This will provide a framework for understanding how incoming and 
overriding plate properties, such as temperature, hydration, etc. may control the 
seismogenic zone behavior. This information aids in interpretation of velocity structures 
in the final seismic velocity models. Chapter 2 also summarizes the most relevant 
seismogenic zone and regional geophysical studies to date.  
Chapter 3 presents the data used in this study. Although past studies have been 
conducted which each of the five experiments, this is the first study that combines the 
data, for one continuous look at seismic structure along the entire margin. The chapter 
explains the integration and quality control of the datasets that were necessary to create 
the best tomographic images possible. The procedures shown here would be useful for all 
scopes of seismic data integration. This chapter is under review by the Bulletin of the 
Seismological Society of America (Moore-Driskell et al., submitted 2012a).   
The results of the coarse grid inversion (20 km x 20 km) are given in Chapter 4, 
which has been submitted to the Geophysical Journal International (Moore-Driskell et al., 
submitted 2012b). I characterize the lateral and down-dip variability along the megathrust 
of this erosive margin. Results using this data show improved hypocentral locations of 
seismogenic zone earthquakes and compressional and shear velocity structure of the 
seismogenic zone extending approximately 400 km along strike from Nicaragua through 
central Costa Rica. Highest resolution occurs within the seismogenic zone. There is high 
variability in seismic structure along the length of the margin. We find that the up-dip 
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limit of seismogenic zone microseismicity is variable and may be located closer to the 
trench in Nicaragua.  The down-dip, interplate microseismicity occurs near the 
continental Moho intersection with the subducting plate interface. Seismicity is sparser in 
Nicaragua than in Costa Rica and low velocities dominate the cross sections. 
Seismogenic zone seismicity resides in a low velocity band that parallels the top of the 
high velocity subducting slab. The models are compared with recent models of 
subduction tremor, which occurs both up-dip and down-dip of microseismicity.  Results 
provide insight into the role of fluids within the seismogenic zone and shallow forearc 
mantle. 
In Chapter 5 additional refinements to the velocity structure is described. A fine 
grid 20 x 10 km tomographic study was conducted incorporating data from the TUCAN 
Broadband Seismic Experiment. These images are consistent with the coarse grid models 
but show added detail and help to identify potential artifacts in both models. The new 
tomographic images along the slab show the margin to be variable along strike in Vp/Vs 
and seismic velocity. These along strike changes correlate with documented variability in 
incoming plate properties. These results are compared with other geophysical studies 
including new high-resolution images of seismic velocity structure, an extensive catalog 
of high quality relocated events, apparent stress calculations, coupling, and SSE/NVT 
occurrence. 
A summary of major conclusions from all studies is given in Chapter 6. 
The studies presented here provide a detailed view of velocity variability along 
the Middle America subduction seismogenic zone. This information gives insight into the 
correlations between changing properties along strike and changes in seismogenic zone 
" 10"
behavior. Both seismic velocity structure and Vp/Vs measurements help provide an 





2 TECTONIC, GEOLOGIC, AND GEOPHYSICAL OVERVIEW 
 
The Nicaragua-Costa Rica section of the Middle America subduction zone is part 
of the 1100 km long subduction system that stretches from Mexico to Panama (Fig. 2.1). 
Offshore of the west coast of Costa Rica and Nicaragua, the oceanic Cocos plate subducts 
beneath the continental Caribbean plate at the Middle America Trench (MAT) at a 
convergence rate of ~85 mm/year and subducts obliquely at 10° counter-clockwise from 
the trend of the MAT  (DeMets 2001).  This convergence creates the Central American 
volcanic arc that extends from central Costa Rica northwest into Mexico. The active 
subduction and complex interactions of tectonic plates and microplates contribute to the 
seismic and tsunami hazard in Costa Rica and Nicaragua (Fig. 2.1). The MAT ends in 
southernmost Costa Rica where the Cocos Ridge and the Panama Fracture Zone 
(transform faults between the Cocos and Nazca Plates) descend beneath the Caribbean 
Plate. The Panama microplate (Adamek et al. 1988), which includes both Panama and 
southern Costa Rica, is bounded by faults of the Central Costa Rica Deformed belt, 
subduction of the Caribbean plate below northwestern Panama, the North Panama 







Figure 2.1: Broad tectonic setting of Central America and the surrounding features. 
Bathymetry from Ryan, W.B.F., Carbotte, S.M., Coplan, J.O., O'Hara, S., Melkonian, A., 
Arko, R., Weissel, R.A., Ferrini, V., Goodwillie, A., Nitsche, F., Bonczkowski, J., & 
Zemsky, R., 2009. Global Multi-Resolution Topography synthesis, Geochem. Geophys. 






























2.1 Tectonic History of the Caribbean and Cocos Plates 
The greater Caribbean plate region and the Central American isthmus have a very 
complex tectonic history involving the evolution of five tectonic plates: North American, 
South American, Caribbean, Cocos, and Nazca plates.  The complexity is evident in the 
structures, segmentation, and variability along a relatively short distance of landmass. 
This intricacy has also spawned several plate tectonic models for the Caribbean (e.g. 
Pindell et al. 1990; Müller et al. 1999; Meschede & Barckhausen 1998; Mann 1995). In 
this overview, only a broad synopsis of the widely accepted tectonic history is given.  
Evolution of the Caribbean plate begins with the breakup of Pangea, involving 
rifting of the continental blocks of North and South America (about 160 Ma; Fig. 2.2) 
along a NE-SW trending spreading axis (Meschede & Frisch 1998). During the Jurassic 
and Early Cretaceous time the now subducted proto-Caribbean Sea opened between the 
continents. Opening ended at approximately 100 Ma (Ross & Scotese 1988; Pindell et al. 
1988; Pindell 1994). Concurrently, there was subduction of the Mezcalera plate east 
along the western margin of North and South America and west beneath the Farallon 
plate creating the Caribbean-Guerrero arc (Fig. 2.2, 120 Ma) (Mann et al. 2007). During 
Early Late Cretaceous (~120 Ma) time, the proto-Caribbean ocean continued to open and 
slab rollback moved the Caribbean-Guerrero arc eastward. It is suggested that the 
Chortis-Mexico convergence (Fig. 2.2, 120 Ma) created a shot-lived westward 
subduction zone causing arc activity whose andesitic remnants lay beneath recent 
volcanism in eastern Costa Rica and southern Nicaragua (Mann et al. 2007). By Late 
Cretaceous time, the Mezcalera plate had subducted entirely and eastward subduction of 




Figure 2.2: Tectonic configuration for 144-120 Ma. Description is given in text. Figure is 
from Mann, P., Rogers, R.D., & Gahagan, L., 2007. Overview of plate tectonic history 
and its unresolved tectonic problems, in Central America: Geology, Resources and 




    
 
Figure 2.3: Tectonic configuration for 90-72 Ma. Description is given in text. Figure is 
from Mann, P., Rogers, R.D., & Gahagan, L., 2007. Overview of plate tectonic history 
and its unresolved tectonic problems, in Central America: Geology, Resources and 




    
 
Figure 2.4: Tectonic configuration for 22 Ma and the present day. Description is given in 
text. Figure is from Mann, P., Rogers, R.D., & Gahagan, L., 2007. Overview of plate 
tectonic history and its unresolved tectonic problems, in Central America: Geology, 
Resources and Hazards, vol. 1, ed. Alvarado, G. & Buntschuh, J., Chap. 8, pp. 201-237, 
Taylor and Francis, London. 
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The Caribbean-Guerrero arc had, by the Late Cretaceous time, traversed the Galápagos 
hotspot (Fig. 2.3, 90 Ma) during a period of widespread oceanic volcanism at 
approximately 88 Ma (Hoernle et al. 2002, 2007; Sinton et al. 1997). This combination of 
volcanics, hotspot and arc, is known as the Chorotega block of Central America (Mann et 
al. 2007), likely part of the Caribbean large igneous province (CLIP). By the latest 
Cretaceous time (Fig. 2.3, 72 Ma), the Farallon plate boundary marked by west dipping 
subduction continued moving eastward. The CLIP material continued to move east and 
eastward dipping subduction of the Farallon plate began, forming the Caribbean plate 
with westward subduction associated with the Greater Antilles and eastward subduction 
associated with the Central American arc. Bowland (1993) suggests that the Hess 
escarpment (Santa Elena suture onland) is a strike-slip boundary between the Chortis 
block and the Caribbean oceanic plateau and the Chorotega block that formed in the Late 
Cretaceous to Early Paleogene. This occurred at roughly the geographic boundary 
between present day Nicaragua and Costa Rica.  
During the Miocene (Fig. 2.4, 22 Ma) time, stress on the Farallon Plate as it is 
bent by its northern subduction under North America and its southeast subduction under 
South America resulting in its breakup into the Cocos and Nazca plates at 23-27 Ma as 
determined by geomagnetic data and bathymetry (Hey 1977; Lonsdale & Klitgord 1978; 
Barckhausen et al. 2001; Wortel & Cloetingh 1981). Orthogonal subduction of the Cocos 





2.2 Present Characteristics of the Southern Middle American Subduction Zone 
2.2.1 Morphology of the Incoming Plate 
Segmentation of the Farallon plate into the Nazca and Cocos plates is particularly 
important in this research. Offshore of the study area, the Cocos plate subducts beneath 
the Caribbean plate (Fig. 2.4, present day). Past studies have attributed the segmentation 
of upper plate tectonic characteristics and the variability in subduction zone behavior to 
the segmentation of the downgoing Cocos plate. The irregularity of the Cocos plate was 
first described in the 1960’s (Fisher 1961) as consisting of a smooth ocean floor domain 
and a rough ocean floor domain (Rough-Smooth Boundary, RSB). As multibeam 
bathymetry became available, greater detail was observed (von Huene et al. 1995). 
Morphologically, the incoming oceanic plate is sharply divided into three sections: the 
Nicoya Segment, Seamount Segment, and Cocos Ridge Segments offshore Costa Rica 
(von Huene et al. 1995, 2004) (Fig. 1.2).  
To a first order the variability across the Cocos Plate is due to the evolution of the 
spreading centers involved in its formation. The Nicoya Segment comprises crust 
subducting beneath northern Costa Rica to Nicaragua which is smooth and older  (~19-24 
Ma) and was generated at the fast spreading East Pacific Rise (EPR) at the west edge of 
the plate. At approximately the middle of the Nicoya peninsula is the suture of the EPR 
crust and the Cocos-Nazca spreading center crust (Barkhausen et al. 2001). South of the 
suture is a smooth 80 km wide triangular piece of crust of CNS origin which was made 
before the spreading center underwent a ridge jump at about 19 Ma from an orientation of 
N50E to N70E (Hey 1977; Meschede et al. 1998; Meschede & Barckhausen 2000). Crust 
made before this ridge jump is referred to as CNS-1 crust and after the jump as CNS-2 
! 19!
(Fig. 1.2). At approximately 14 Ma the spreading moved farther south to the current 
CNS-3 spreading location orientated with its axis approximately east-west at the south 
edge of the Cocos Plate.  
To the south of the CNS-1 crust lies the topographically rough CNS-2 lithosphere.  
The Seamount segment, containing abundant seamounts (~40% covered) of Galapagos 
chemistry (von Huene et al. 2000), subducts beneath central Costa Rica. This area of 
Costa Rica is also volcanically active and shows distinct Galapagos hotspot geochemical 
indicators not seen in the volcanoes to the north (Hoernle et al. 2008). Moyer et al. 
(2010) find that the subducting seamounts may affect earthquake rupture behavior by 
calculating apparent stress. This is a measure of stress drop proportional to radiated 
seismic energy (Wyss & Brune 1968). This value has been related to stick slip behavior 
(McGarr 1999). Earthquakes with high apparent stress radiate more energy than a similar 
magnitude event possibly due to the strength of the contact (e.g. Choy et al. 2006). This 
region has a mean apparent stress of more than twice the global mean for megathrust 
earthquakes at oceanic subduction zones. They suggest subducting seamounts and ridges 
concentrate stress along the slab interface. 
The third segment of CNS-2 origin, subducting at the Osa peninsula in southern 
Costa Rica, is the thick, young (~14-19 Ma) oceanic Cocos Ridge segment. The ridge 
stands 2.5 km high over the adjacent seafloor, recording the Galapagos hotspot 
interaction with the Cocos plate. The crust is ~19-21 km thick along the ridge (Walther 
2003; Sallarès et al. 2001) compared to 5-7 km offshore Nicoya (Sallarès et al. 2001; 
Walther & Flueh 2002) and 6-8 km in the seamount segments (Ye et al. 1996; Walther 
2003). The trend of the ridge is N45E, approximately normal to the subduction trench. 
! 20!
The combination of the thickness of the ridge and its relatively young age makes this slab 
highly buoyant, which probably affects the surface geology, e.g the height of the 
Talamanca Mountains (uplifting at 4.7 mm/year (Gardner et al. 1992)), the cessation of 
volcanism (Grafe 1998), and backarc shortening at the North Panama deformed belt 
(NPDB).  
Through the use of wide-angle and marine refraction, high-resolution bathymetry, 
and ocean drilling, the Nicaragua/Costa Rican margin has been characterized as an  
erosive subduction zone (Ranero & von Huene 2000; von Huene et al. 2000; Vannucchi 
et al. 2001). Subduction erosion is defined as the mass removal and movement of upper 
plate material to subcrustal or mantle depths. The removal of material from the upper 
plate results in extension and subsidence of the forearc (Vannucchi et al. 2001, 2003). 
There is only a thin sedimentary cover along the forearc wedge and no formation of a 
significantly sized accreationary wedge. The estimated rate of rock removal from the 
forearc of Nicaragua and Costa Rica is about 107-123 km3Myr-1km-1 along the trench 
(Vannucchi et al. 2003). In the case of Costa Rica, it is believed that the presence of 
seamounts, rises, or grabens aid subduction erosion (von Huene 1986; von Huene et al. 
2000; Miura et al. 2004; Kopp et al. 2006). The wedge is thinnest in the seamount 
segment where numerous down-going seamounts exaggerate the erosion.  This once 
accretion-dominated margin transitioned to active tectonic erosion as little as 1 Ma 
(Fisher et al. 2004) to 5 Ma (Vannucchi et al. 2003) when the Cocos-Nazca-Caribbean 
triple junction migrated offshore of the Costa Rica-Panama border and the leading edge 
of the Cocos Ridge arrived at the trench, initiating erosion (Vannucchi et al. 2003).  
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The effects of subducting thickened crust, such as the Cocos Ridge, are 
documented by Sak et al. (2004). The shallow water deposits found on the Osa peninsula 
record a complex vertical tectonic history.  Rapid subsidence rates of >6.5 mm/year 
preceded intervals of rapid uplift (>6.5 mm/year) over the last 32,000 years. The periods 
of uplift and subsidence may reflect variations in the topography of the subducting Cocos 
plate. For example, as the Cocos Ridge subducted, there was a short-lived interval of very 
rapid (>30 mm/y) surface uplift (Sak et al. 2004).  
The incoming seafloor sediment cover is approximately 375 m thick, and 99% of 
these sediments are subducted along with the slab (Saito & Goldberg 2001). The 
sediments consist of a pelagic carbonate overlain with diatomaceous hemiplegic mud 
(Shipboard Scientific Party 1997a; Spinelli & Underwood 2004). The hemiplegic 
sediment contains 10 wt.% opal and 60 wt.% smectite with little variation along strike 
(Spinelli & Underwood 2004). Seismic wide-angle studies show the plate boundary is 
highly reflective and a thin very low velocity layer at the top of the slab is interpreted as 
subducted sediment (Flueh & von Huene 2007; Sallares et al. 2001; Christeson et al. 
1999; Stavenhagen 1998; Ye et al. 1996; Hinz et al. 1996). This layer is probably only 
0.5 km in thickness (Christeson et al. 1999). Below this is another low velocity layer 
modeled as a permeable 1 km thick hydrothermally cooled crust. Reflection images 
(Christeson et al. 1999) extend down to 25 km depth and indicate that in the forearc 
regions the interface between the downgoing and overriding plate is found at 12 to 15 km 




2.2.2 Overriding Plate Geology 
 Central America has been divided into two primary tectonic blocks: the Chortis 
block in the north, encompassing Guatemala to north Nicaragua; and the Chorotega block 
in the south, consisting of south Nicaragua, Costa Rica, and Panama (Fig. 2.4). The 
northern Chortis block is regarded as continental crust of Paleozoic basement and older 
metamorphic rocks. Paleozoic, Mesozoic, and Tertiary sediments cover these units. 
During the Tertiary, numerous ignimbrites were erupted. Accreted terranes of volcanic 
arc material (Siuna terrane) were added to the Chortis margin in the Late Cretaceous 
(Walther et al. 2002b; Venable 1994; Rogers et al. 2007). The suture between the Chortis 
and the Chorotega lies near the geographical boundary between Nicaragua and Costa 
Rica. The Chorotega block is vastly different. Paleozoic basement is absent (Pindell et al. 
1990; Kerr et al. 1997; Hauff et al. 2000) as well as any Paleozoic or Mesozoic 
sediments. The crust is predominately Jurassic and Cretaceous basaltic rock from the 
CLIP (Kerr et al. 1997; Hauff et al., 2000) and ocean derived sediments. Massive 
amounts of volcanics, both basaltic and andesitic, from the subduction of the Farallon 
Plate (Meschede et al. 1998) erupted during the Tertiary. The present Central American 
volcanic arc did not begin until the Eocene-Oligocene, unifying the Chortis and 
Chorotega blocks (Hauff et al. 2000; Meschede et al. 1998).  
Much of the coastal regions of Costa Rica, including the Nicoya and Osa 
peninsulas and the Jaco region, are ophiolite complexes of ocean floor basalt (Denyer & 
Gazel 2009). Two mountain ranges extend through Costa Rica (Fig. 2.5). The northern 









Figure 2.5: Relief map of Costa Rica. The two main staggered mountain ranges, Central 
Volcanic and the Talamancas, are labeled. Elevation is indicated by the color bar in the 
upper right of the map. Elevation is given in meters. From Dutch, S., created 2008. 
Geology of Costa Rica, www.uwgb.edu/dutchs/CostaRica2008/GRGeology.HTM, last 












range, the Sierra de Talamanca, is an older, uplifted arc with an exposed core. The 
highest point in Costa Rica, Cerro Chirripo at 3,819 m, is in the Talamanca.  
The crust in northern Costa Rica is ~40 km thick with a 4 km upper crust with P 
wave velocities of 5.3-5.7 km/s, 13 km mid-crust of 6.2-6.5 km/s, and lower crust of ~20 
km thickness at 6.9-7.3 km/s (Sallarès et al. 2000; Sallarès et al. 2001). The P wave 
velocity values for the mid- and lower crust are very different than the seismic velocities 
of oceanic plateaus (Sallarès et al. 2000). Vogel et al. (2004) suggest this is because of 
the addition of silicate ignimbrites that has significantly altered the middle and lower 
crust, essentially turning the Caribbean oceanic plateau in Costa Rica into continental 
crust. 
 
2.2.3 Seismicity and Plate Coupling  
The structure of the crust and the dip of the subducting slab are relatively well 
known based on refraction and reflection studies (e.g. Ye et al. 1996; Stavenhagen et al. 
1998; Christeson et al, 1999; Sallarès et al. 1999, 2000, 2001) and regional studies of the 
Wadati Benioff Zone (WBZ) (Protti et al., 1995). From north to south the slab exhibits an 
appreciable trend of decreasing dip in the WBZ  (Protti et al. 1995). There is a distinct 
bend in the slab near the Nicaragua-Costa Rica border where dip changes from 
approximately 84˚ to 60˚ (dip measurement taken at ~50 depth). This abrupt change may 
be related to the age or the topography of the ocean crust (Protti et al. 1995). The younger 
CNS crust is warmer and thus more buoyant (von Huene et al. 2000). 
Rapid subduction at the MAT along Costa Rica creates a margin prone to large 
(M>7), but not necessarily great (M>8), underthrusting earthquakes (e.g., Molnar & 
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Sykes 1969; Dean & Drake 1978; Burbach et al. 1984; Dewey & Suarez 1991; Pacheco 
& Sykes 1992; Ambraseys & Adams 1996). Most subduction-related events of interest 
are moderate to large magnitude. Central Costa Rica exhibits higher seismicity rates than 
northern Costa Rica (Nicoya) and southern Costa Rica (Osa). Yet it is the lower 
seismicity rate regions that tend to have the larger 7+ magnitude events. Historical 
records are lacking in this area, but there are documents as far back as 150 years ago that 
describe tsunamigenic earthquakes and evidence of paleo-slope failure offshore of Costa 
Rica may help extend the record of earthquake cycles (von Huene et al. 2004). 
Central Costa Rica has no recorded earthquakes larger than a magnitude 7.0. 
Events in the central and southern area include the 1983 Osa Mw 7.3, 1990 Gulf of 
Nicoya Mw 7.0, and the 1999 Quepos Mw 6.9 event (Fig. 2.6).  It has been suggested that 
the presence of seamounts and other seafloor topography may have some control on the 
magnitude of earthquake rupture (von Huene et al. 1995, 2000; Bilek et al. 2003; DeShon 
et al. 2003). The 1990 and 1999 events occurred in alignment with a subducting 
seamount chain. Bilek et al. (2003) suggest these simple ruptures are failures at the 
seamount asperities. The 1983 event occurred in the Cocos Ridge segment. This event 
and the complex rupture history in the Osa region are attributed to the subduction of the 
Cocos Ridge topography (Bilek et al. 2003).  
Most of the larger +7.0 events tend to be located where the smooth seafloor 
subducts offshore northern Costa Rica. This smooth seafloor morphology may allow for 
stronger coupling between the subducting and overriding plates (Protti et al. 1994,1995; 
Bilek et al. 2003; DeShon et al. 2006). Some of the largest earthquakes in this area 





































































































   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
















   



























   
   
   










   
   









   



















































Nicoya peninsula earthquakes, demonstrating a ~50 year recurrence interval. Until the 
recent 2012 earthquake, the 1950 and 1978 events rupture zones were considered to 
define the “Nicoya gap” (Protti et al. 1995) (Fig. 2.6). Geodetic measurements published 
in mid-2012 indicated potential for a Mw 7.8 event, much like the 1950 Nicoya 
earthquake, from a rupture of two fully locked patches offshore Nicoya at ~15 km depth 
and inland centered at ~24 k depth (Feng et al. 2012). This locked patch ruptured on 5 
September 2012 in the Mw 7.6 event. 
The Ms 7.2 1992 Nicaragua tsunami earthquake occurred on September 2, 
generating a large tsunami that devastated the coast of Nicaragua. This shallow 
underthrusting event exhibited unusual properties: much smaller stress drop than average 
subduction zone earthquakes, slow rupture propagation, a smooth rupture with no 
subevents, and a relatively long duration time (Kanamori & Kikuchi 1993; Velasco et al. 
1994; Kikuchi & Kanamori 1995; Bilek & Lay 1999). Kanamori & Kikuchi (1993) 
suggest that the erosional margin, and thus absence of sediments at the trench, allowed 
the rupture to propagate all the way updip to the trench, exciting a large tsunami. 
Additionally, propagation of the rupture through soft subducted sediments caused the 
extended duration of the event. Other subduction-related earthquakes offshore Nicaragua 
include the 2004 M 7.0 and 2005 M 6.6.  
Intraplate events in the upper and lower plate also contribute to the overall 
seismic hazard of Nicaragua and Costa Rica.  The destructive 1972 Managua, Nicaragua, 
event was a moderate magnitude Mw 6.2, but the shallow focus led to significant damage 
that killed between 3,000-7,000 people and injured some 15,000 others 
(earthquake.usgs.gov, last accessed 2012). This area has a history of earthquakes 
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including 1931 M 6.0 and 1951 M 5.8 upper plate events.  Similarly, upper plate faulting 
associated with deformation due to the formation of the Panama microplate contributes 
significantly to the overall seismic hazard in Costa Rica. Nicaragua and northern Costa 
Rica also have a record of outer rise faulting events from the bending of the steeply 
dipping slab (Ranero et al. 2003; Grevemeyer et al. 2007; Lefeldt et al. 2009). 
One of the most useful datasets in characterizing the seismogenic zone of Costa 
Rica and Nicaragua has been provided by high precision earthquake locations. The 5-10 
km of error that is common in many teleseismic location studies can lead to ambiguity in 
interpretations of subduction seismicity, thus incorrectly defining such properties as up- 
and down-dip limits of faulting and biasing comparisons to temperature proxies. 
Onshore/offshore studies of locally recorded earthquakes can alleviate some of these 
problems. DeShon et al. (2003; 2006) use data from the Osa and Nicoya networks to 
determine high precision earthquake relocations to illuminate the seismogenic zone of 
Costa Rica. Earthquake locations from the aftershock sequence of the 20 August 1999 
Osa event show a 19° dipping plane in agreement with refraction data (Stavenhagen et al. 
1998). The up-dip limit is located at ~10 km depth below sea level (30-35 km from 
trench), and the down-dip limit is at 30-35 km depth (~95 km from trench). For the 
Nicoya analysis Stavenhagen et al. (1998) used aftershocks of the 21 July 2000 Mw 6.4 
outer rise earthquake; the slab dips 10° to a depth of 15 km, 25° from 15 to 38 km, and 
increases to 43° beneath 38 km. 
In central Costa Rica, Dinc et al. (2011) document interplate seismicity between 
10-30 km depth (35-90 km from the trench). Contrary to past work, this study sees a 
steepening in the dip of the slab from 30° to 45° from NW to SE based on seismic cluster 
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analysis. Dinc et al. (2011) image the plate changing from a smooth plane structure to a 
“step-shaped” interface. Seismicity in the overriding plate, likely associated with the 
Central Costa Rica Deformed Belt, creates alignments that connect the WBZ to the 
volcanic arc. The abrupt change in geometry of the slab towards the SE is attributed to a 
transition from a seamount province to a compressional tectonic regime. Similarly, 
Dzierma et al. (2011) image a steeply dipping slab beneath the Talamanca Mountains of 
southern Costa Rica using receiver functions. Receiver function profiles show a steeply 
dipping slab of ~65º below ~40 km down to depths of >100 km.  
Further north, seismic profiles beneath the Nicoya Peninsula of Costa Rica by 
determined DeShon et al. (2006) place the up-dip limit of seismicity on the CNS side of 
the plate at 12 km (down-dip at 26km) and the EPR side at 17 km depth (down-dip at 28 
km). This is slightly less than the estimated 10 km offset documented by Newman et al. 
(2002) using a catalog with larger hypocenter uncertainties. An offset in the seismicity’s 
distance from the trench (~12 km) is seen between the CNS and EPR crust. 
Relocation studies in Nicaragua from both local and teleseismic catalogs show a 
steeply dipping slab in Nicaragua that shallows into northern Costa Rica (Protti et al. 
1994; Engdahl et al. 1998; Syracuse & Abers 2006).  Depth of maximum seismicity also 
deepens in Nicaragua compared to Costa Rica. Syracuse et al. (2008) document the 
maximum depth of seismicity at 220-230 km at the Nicaragua-Costa Rica boundary 
shallowing to 100 km in central Costa Rica. Upper plate seismicity in Costa Rica is 
scattered from fore- to back arc. Nicaragua upper plate seismicity is concentrated within 
the volcanic front (Syracuse et al. 2008). 
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Geodetic data are an important part of seismogenic zone studies since the rate of 
strain accumulation is directly related to the degree of mechanical coupling between the 
subducting slab and the overriding plate. At the Osa Peninsula, Norabuena et al. (2004) 
preformed geodetic inversions from data collected during CRSEIZE. The models indicate 
that the Cocos-Panama boundary is accumulating ~8 cm/yr of convergence. The Panama-
Caribbean boundary is accumulating ~1 cm/yr. This yields a total, slightly oblique, 
convergence of ~9 cm/yr for the Cocos-Caribbean boundary. Data from the Nicoya 
peninsula shows two locked patches: one (~6 cm/yr) at 14±2 km depth and another (~3 
cm/yr) at 39±6 km depth. Norabuena et al. (2004) model Nicoya as an area with small, 
fully locked patches surrounded by areas that are freely slipping. Due to the dense Nicoya 
network, this pattern of locking is suggested with confidence and in lieu of the partial 
coupling model suggested in studies of other subduction zones (e.g. Pacheco et al. 1993). 
The Nicoya forearc block translates northwest at an average rate of ~8 mm/yr (LeFemina 
et al. 2009; Norabuena et al. 2004; Iinuma et al. 2004; Lundgren et al. 1999). Norabuena 
et al. (2004) suggest that the distinctive locking patterns beneath the Osa and Nicoya 
peninsulas may be a sign of the combined control of seafloor age and subduction of the 
shallow Cocos Ridge (Walther et al. 2002a). The most recent paper on geodetic locking 
puts two fully locked patches offshore Nicoya at ~15 km depth and inland centered at 
~24 km depth (Feng et al, 2012). At least one of these patches ruptured during the 
September 2012 Nicoya peninsula earthquake. 
Geodetic data can also be inverted to solve for backslip or strain accumulation, 
which serves as another proxy dataset for elucidating the up- and down-dip limits of the 
seismogenic zone. In a 1.5 year GPS survey of the Nicoya peninsula, Iinuma et al. (2004) 
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find the up-dip limit to be no deeper than 7 km and the down-dip limit of coupling 
extending to ~30 km. Norabuena et al. (2004) estimate the up-dip limit at 8 km depth. 
Geodetically determined down-dip limits cannot be calculated with great certainty, but 
both locking and microseismicity decrease beyond 40-45 km depth. Both up- and down-
dip limits correspond well with seismic studies (Newman et al. 2002; DeShon et al. 
2006).  
One interesting finding of the Norabuena et al. (2004) study is the discrepancy 
between the estimated up-dip limit of seismicity and the concentrated area of 
microseismicity (~16 km deep) recorded between 1999-2000. The geodetic data show 
increased strain accumulation starting ~25 km inland from the trench (~8 km deep) and 
peaking ~50 km from the trench (~14 km deep). This approximates the up-dip rupture 
limit of past large earthquakes, but is significantly up-dip from the microseismicity. This 
study and the more detailed study of Feng et al. (2012) suggest that the shallow part of 
the locked area is fully locked so that no microseismicity occurs there. The CRSEIZE 
results suggest that microseismicity does not necessarily indicate areas of high strain 
accumulation and do not reliably mark the area of the up-dip limit (Norabuena et al. 
2004; DeShon et al. 2006).  
 
2.2.4 Thermal Data 
Constraining the thermal state of the subduction zone is crucial to understanding 
the seismogenic zone.  For over a decade, models of temperature along the plate interface 
have been used to estimate the potential updip and downdip rupture limits. The change 
from aseismic to seismic behavior along the updip limit of the megathrust was originally 
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attributed to metamorphic and mineralogical changes that occur near 100°-150°C 
(Hyndman & Wang 1993; Hyndman et al. 1997; Oleskevich et al. 1999; Currie et al. 
2002; Harris & Wang 2002; Spinelli & Saffer 2004; Harris et al. 2010) in smectite and 
other common sedimentary materials. While this may in fact play a large part in the 
transition, not all subduction zones contain large amounts of smectite, and continuing 
research has illuminated a range of complex metamorphic and diagenetic interactions 
affecting seismogenic zone rupture limits (Moore & Saffer 2001). At the downdip end, 
the 350-450ºC isotherm acts as a proxy reflecting the temperature range of the transition 
from brittle to ductile behavior in quartz-rich rocks (Hyndman & Wang 1993; Hyndman 
et al. 1997; Oleskevich et al. 1999; Peacock & Hyndman 1999; Moore & Saffer 2001).   
 Past studies of the Cocos seafloor indicate a higher heat flow (>100 mW/m2) for 
CNS generated seafloor versus lower heat flow (<30 mW/m2) for seafloor created at the 
EPR (Von Herzen & Uyeda 1963; Vacquier et al. 1967; Fisher et al. 2003; Hutnak et al. 
2007).  Hutnak et al. (2007) collected more finely spaced heat flow measurements, and 
found that the abundant seamounts found on the EPR crust, spaced 10-40 km apart, serve 
as excellent facilitators for advective exchange of heat and fluid between the seafloor and 
ocean water. The hydrothermal fluids flowing through these permeable passageways are 
discharged into the ocean releasing abundant amounts of heat from the rather young, hot 
crust. This hydrothermal circulation occurs on both CNS and EPR seafloor, with no clear 
association of the thermal transitions with plate boundaries. Therefore, the changes in the 
thermal regime of the crust must be a function of permeability or hydrogeologic 
boundaries. Hutnak et al. (2007) document an abrupt change in heat flow of ~30 mW/m2 
on EPR to ~100 mW/m2 on the CNS crust, but most thermal transitions documented in 
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the study were not associated with any tectonic boundary. Fisher et al. (2003) also argue 
that the unusually cool EPR crust must be a function of exceptionally high permeability 
of the seamounts and outcrops. 
 The heat flow of the seafloor is an important component for modeling temperature 
of the subducted slab and mantle wedge. The thermal structure plays an important part in 
earthquake production and arc magmatism. Slabs may be as much as 1000°C cooler than 
the mantle around it, but this is highly dependent on the convergence rate and age of the 
slab. Considerable variations occur at subduction zones around the globe. At ~50 km 
depth, old, fast slabs may be as much as 300°C cooler than younger slabs with modest 
convergence (Peacock & Wang 1999).  
 Peacock et al. (2005) model the thermal structure of the Costa Rica-Nicaragua 
subduction zone using isoviscous mantle-wedge rheology versus an olivine mantle-
wedge to test the importance of slab age and dip and determine if the lateral variability in 
seismicity and magmatism can be explained by the changes in the thermal structure. 
Assuming an isoviscous mantle-wedge rheology, the slab interface temperature at 3 GPa 
(100 km depth) is ~620°C. No partial melting is predicted because the P-T path remains 
below the solidus. For olivine rheology, slab interface temperatures are ~800°C at 3 GPa. 
In this model the P-T path does cross the H20-saturated mafic solidus at ~2-3 GPa, 
therefore the top 500 m of the slab may undergo partial melting (<1 vol. %). At 3 GPa 
and 12 km below slab interface the temperature varies from 370°C under Nicaragua and 
NW Costa Rica to 460°C below SE Costa Rica. Therefore, beneath SE Costa Rica 
dehydration to chlorite harzburgite has occurred by ~160 km (5 GPa), but hydrated 
mantle may still exist as deep at 240 km (8 GPa) under Nicaragua and NW Costa Rica. 
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These minor changes in temperature structure suggest that the lateral variability of 
magmatism and seismicity must not be temperature related. The variability may be 
related to changes in stress within the slab, subduction of sediments, change in crustal 
structure, or distribution of hydrous minerals (Rüpke et al. 2002; Abers et al. 2003; 
Ranero et al. 2003). 
  
2.2.5 Hydration and Serpentinization 
There is increasing evidence that the downgoing oceanic plate offshore northern 
Costa Rica and Nicaragua is hydrated.  Regional P-waves show late arrivals from 
traveling in a thick low velocity layer at the top of the subducting plate at intermediate 
depths (70-150 km) along Nicaragua. These velocities can be explained by >5 wt.% 
water in the crust, much more than found inother subduction zones (Abers et al. 2003). 
The anomalously low heat flow here also suggests that abundant fluid is circulating in the 
incoming plate. Bend-related faulting along the outer rise, which is particularly well-
developed offshore Nicaragua, also facilitates the introduction of fluids into the 
subducting oceanic mantle (Ranero et al. 2003).  It is hydration within the oceanic mantle 
that likely introduces large amounts of fluids into the volcanic arc system. 
One important aspect of hydration is the affect of the fluid’s pore pressure on the 
seismic zone. Cutillo et al. (2006) found that sub-seafloor fluid pressure and 
hydrothermal circulation may affect seismicity by aiding slip along the plate interface by 
reducing friction and strength. Their numerical models show changes in pore pressure 
during a seismic event and the effect of a postseismic pore-pressure diffusion on bulk 
compressibility. Material of low compressibility exhibited a greater change in pore 
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pressure because much of the stress is transmitted by the pore fluid. Bosl & Nur (2002) 
found that areas where the Coulomb stress increases tend to also be the areas of high 
aftershock activity. Increased pore pressure developing during an earthquake may 
contribute to fault instability and may facilitate future slip. Spinelli et al. (2006) find that 
the décollement peak fluid pressure is higher on the EPR side of the subduction zone than 
on the CNS side because of higher fluid viscosities that are modeled for cooler fluids. 
There is also a landward shift of diagenetic fluid sources on the EPR side. These factors 
cause the EPR side of the margin to sustain pressures above hydrostatic much deeper into 
the subduction zone. This may cause the observed shift in the up-dip limit of 
microseismicity.  
Dehydration reactions are one source for fluids found in subduction zones. One 
such reaction is the diagenesis of opal. This process occurs at temperatures below 100°C 
and releases ~23% of the volume of opal-A as water (Behl & Garrison 1994; Moore & 
Vrolijk 1992). Another reaction, smectite-to-illite, occurs at higher temperatures (60-
160°C) and is also a fluid source. Using the thermal models of Spinelli & Saffer (2004), 
opal diagenesis will occur at 20-25 km from the trench in the slab produced by the CNS 
and 30-45 km into the EPR portion. Smectite-to-illite is modeled to occur at 30-50 km 
depth into the CNS portion and 40-65 km depth into the EPR portion. Because of the 
thermal structure of the Nicoya margin, these fluid sources are depleted ~15-20 km 
seaward of the up-dip limit for both the CNS and EPR slabs (10 km and 20 km depth, 
respectively (Newman et al. 2002)). This depletion mirrors the offset in seismicity along 
strike (Newman et al. 2002). Spinelli & Saffer (2004) suggest that the fluid-producing 
reactions increase the pore pressure, thus decreasing the normal stress along the slab 
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interface. Effective stress increases when the diagenetic reactions are complete and there 
is no longer a source of fluids. This may control the transition between aseismic to 
seismic conditions (e.g. Scholz 1998). 
 Although dehydration reactions have been proposed to play a part in generating 
seismic slip in the megathrust, there has not been much evidence that plate hydration 
would be widespread enough to explain general intermediate-depth seismicity. 
Grevemeyer et al. (2007) suggest that deep, bend-related faults created in the outer rise 
area could explain the seismicity if water can penetrate into them (Ranero et al. 2003; 
Peacock 2001; Peacock 2004; Ranero & Sallares 2004; Grevemeyer et al. 2005). If water 
penetrates to depth in the oceanic mantle, the peridotite can be altered to serpentinite 
(Ranero et al. 2003). Serpentine has low density, low mechanical strength, and high 
water content and hence plays an important role in the dynamics of the subduction zone 
and potential generation of intermediate depth seismicity.  
The best way to indicate if, in fact, outer rise normal faulting can provide a 
conduit to hydrate the lithospheric mantle and alter peridotite is through seismic velocity 
studies. 100% serpentinization would result in a drop of seismic velocities from ~8-8.2 
km/s (for peridotite) (White et al. 1992) to 4.5 km/s (Christensen 1966; Carlson & Miller 
2003). Along the Costa Rica subduction zone, seismic velocities in the oceanic mantle 
are ~7.3-7.4 km/s, increasing to ~7.5-7.8 km/s 3-4 km deeper (Grevemeyer et al. 2007) 
which implies ~20-25% serpentinization at Moho depth and 10-15% serpentinization at 
3-4 km deeper. Assuming the velocity change is only due to hydration, ~2-4 wt.% water 
in the top 2-3 km of the mantle would be needed (Carlson & Miller 2003). This exceeds 
the amount bound in igneous crust and subducting sediments. 
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Another important region of the subduction system that may undergo 
serpentinization, however, is the overriding forearc mantle wedge (DeShon & Schwartz 
2004; Park et al. 2004; Wang & Zhao 2005; Reynard et al. 2007). A serpentinized mantle 
wedge has been hypothesized as an alternative to the 350-450ºC thermal limit for the 
downdip limit of seismogenic zone rupture because serpentine minerals in general are 
thought to be unable to support brittle failure.  A serpentinized mantle wedge has been 
identified in Costa Rica, Chile, Alaska, Cascadia, and Japan (DeShon & Schwartz 2004; 
Graeber & Asch 1999; Kamiya & Kobayashi2000; Zhao et al. 1992; Rondenay et al. 
2008; Seno et al. 2001). Modeling of receiver functions, along with 1D and 3D velocity 
profiles of the Nicoya peninsula suggest P-wave velocities of 7.2-7.6 km/s and Vp/Vs 
~1.85 (DeShon & Schwartz 2004) at a depth of ~36 km which are also consistent with 
~15-25% serpentinization of the mantle wedge (Carlson & Miller 2003). !
Low velocity layers have been observed at the top of several subducting slabs at 
70-150 km depth. This low velocity signature may be serpentinized upper plate mantle 
(e.g. Abers 2000; Kawamoto 2006). Modeling from Hilairet & Reynard (2009) show that 
a 100% serpentinized channel at the plate interface cannot exceed 2 km in thickness at 
depth because the upward flow of serpentinite exceeds its rate of production. It would 
take 12,000 years using the lowest global fluxes (3.10-5 m3m-2 year-1) or 120 years with 
the highest considered fluxes (3.10-3 m3m-2year-1) to carry the amount of water needed to 
form 1 m of serpentine from peridotite. Seismic data from several subduction zones, 
including Nicaragua, indicate a low velocity layer thicknesses of 2-10 km (Abers 2005) 
to up to 15 km (Ferris et al. 2003). Hilairet & Reynard (2009) suggest that up to 2-3 km  
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of the thickness of this low velocity layer (LVL) may be serpentinite. LVL thicker than 2-
3 km is probably subducted oceanic crust.!
 
2.2.6 Seismic Tomography 
 Seismic velocities are sensitive to temperature variations and the presence of 
water, and seismic tomography has become very important in the interpretation of 
structure in subduction zones. Many 3D-seismic velocity models have been developed for 
Nicaragua and Costa Rica using local and regionally recorded earthquakes.  Previously 
published models are reviewed here.  
A 3D-seismic velocity study was conducted in southern Nicaragua and northern 
Costa Rica (Dinc et al. 2011) imaging the cold, dense slab. It dips at a 38° angle in the 
north portion of the study area and shallows to 30° in the south for depths of 0-60 km. 
Below 60 km the dip steepens to ~70° down to 200 km. The deeper, steeper angle does 
not seem to change from north to south. There is a distinct low P-wave velocity (-4% 
perturbation) in the mantle wedge corner between 30-70 km depths with a high Vp/Vs 
ratio of ~2.0 that disappears from north to south. This Vp/Vs ratio transition from south 
Nicaragua to north Costa Rica occurs below the 25 km offset in the volcanic arc between 
the Madera volcano and the Orosi volcano. The high Vp/Vs ratio in southern Nicaragua is 
evidence for extreme hydration versus weak or no hydration beneath northern Costa Rica. 
This corresponds well with the trace elements seen in Nicaraguan volcanoes; high 
concentration of 10Be and B/La ratios are a marker for the presence of oceanic crustal 
fluids (Carr et al. 2003; Noll et al. 1996; Patino et al. 2000; Hoernle & Hauff 2007). The 
hydrated Nicaraguan subducted crust is probably a result of extension-induced normal 
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faults offshore that provide a pathway for fluid to enter the crust. As discussed earlier, the 
release of water into the mantle wedge can cause serpentinization of peridotite. The P-
wave velocities and Vp/Vs ratios seen in the mantle wedge would correspond to ~20% 
serpentinization and 2.5 wt.% H2O. Since the mantle wedge in the study area is estimated 
to be ~400°C at 1 GPa (Rüpke et al. 2002; Peacock et al. 2005), the serpentinite should 
be stable, rendering the slab aseismic (Peacock & Hyndman 1999); this is shown by the 
observed seismic gap.  A zone of low Vp is imaged from the mantle wedge corner to the 
volcanic arc. The slowest P-wave velocities are seen directly below the arc down to 100-
150 km. The Moho is identified at ~30 km depth (Dinc et al. 2011).   
Other studies have found evidence for oceanic mantle serpentinization in the 
Nicaraguan/northern Costa Rican region (Ranero et al. 2003). van Avendonk et al. 
(2011) uses active source data to image the margin along strike. This study finds that the 
Cocos Plate mantle velocities decrease from 7.9 km/s offshore the Nicoya peninsula to a 
12 km thick 6.9 km/s velocity zone offshore Nicaragua. This change in seismic velocity 
correlates well with the northward trend of increased crustal faulting of the Nicaragua 
segment of the MAT. The authors attribute the lower velocity to serpentinization caused 
by higher volume of water stored in the faulted lithosphere. They estimate that the 
amount of water in the Cocos Plate offshore Nicaragua is close to 2.5 times the water in 
the plate subducting beneath the Nicoya peninsula.  
Tomography results for the Nicoya peninsula region (DeShon et al. 2006) show a 
low Vp anomaly (5.2-5.8 km/s) that parallels the plate interface down to 20 km depth. On 
the EPR side, the up-dip limit occurs where the low Vp stops. In northern Nicoya the low 
Vp, which may be a result of a compositional change, also corresponds to a low Vp/Vs 
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ratio that may be evidence of hydration. A Vp of 7.0-7.2 km/s between 30-40 km depth is 
interpreted as the Moho. In southern Nicoya, the Moho intersects the slab at 30 km depth. 
The down-dip limit of the locked seismic zone appears to be located 5 km up-dip from 
this intersection. Here, the mantle wedge has a Vp of 6.8-7.0 km/s. In northern Nicoya, 
the Moho also intersects the slab at 30 km, but the down-dip limit is 10 km up-dip of the 
intersection. Overall the Nicoya Moho is located at a depth between 30-34 km. The 
down-dip limit does not correlate with the Moho’s intersection with the oceanic mantle 
nor the proposed 300°-350°C isotherm of brittle-to-ductile transition. The mantle wedge 
Vp is 7.0-7.2 km/s with a Vp/Vs ratio of 1.73-1.78. Observed reduction in P-wave velocity 
for the mantle wedge corresponds to 20-25% serpentinization. Assuming that the oceanic 
mantle has a Vp of 8.0-8.4 km/s, which is observed in the tomography.  
In models of central Costa Rica by Dinc et al. (2010), a +10% P-wave velocity 
perturbation is found in association with the cold subducting Cocos plate. The “slab” is 
not smooth, but is seen to have step like topography along the top (Dinc et al. 2010)). 
Thickening of the mantle wedge and oceanic crust is observed from NW (~8 km) to SE 
(~20 km) Costa Rica. This is interpreted as a transition from seamounts to Cocos Ridge 
subduction (Dinc et al. 2010). Vp/Vs ratio increases sharply (from SE to NW) in the deep 
crust and upper mantle wedge at the area below the Central Costa Rica Deformation Belt. 
A prominent low P-wave velocity zone (-8% perturbation) is seen in the uppermost 10 
kms of the forearc. This is interpreted as a highly fractured, hydrated wedge (Dinc et al. 
2010). A low velocity forearc mantle wedge is imaged in Husen et al. (2003), DeShon & 
Schwartz (2004), DeShon et al. (2006), and Syracuse et al. (2008). The Moho is probably 
located at a discontinuity seen at ~40 km depth beneath central Costa Rica (Dinc et al. 
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2010). A low P-wave velocity exists under the volcanic arc due to the presence of partial 
melting and magma upwellings (Dinc et al. 2010). DeShon et al. (2006) find a low Vp 
(6.8-7.0 km/s) and Vp/Vs of 1.73-1.78, which is an indication of <10% serpentinization of 
the mantle wedge near the Nicoya peninsula.  
 Central Costa Rica tomography is also documented in Arroyo et al. (2010) using 
an on/offshore experiment near the town of Jaco. A band of low velocities is found on the 
top of the fast subducting slab, similar to the findings along the Nicoya peninsula 
(DeShon et al. 2006). Local thickening of this low velocity zone is attributed to 
subducting seamounts. One hypothesis for the low velocity zone is an accumulation of 
fluids migrating up the slab interface (Arroyo et al. 2010). 
 Regional tomography of the subduction zone of Nicaragua and Costa Rica by 
Syracuse et al. (2008) shows three major features. First, reduced velocities in the mantle 
wedge under and behind the volcanic arc are imaged in Nicaragua. At 60-160 km under 
the arc, Vp is ~7.6-8.2 km/s and consistent with dry olivine temperature of 1050-1500°C 
(Faul & Jackson 2005). The edge of this zone mimics the offset seen in the volcanic 
front, but there is no change in the slab geometry. Some areas of the forearc, including 
the “cold nose” of the wedge corner, also exhibit slower velocities (7.1-8.0 km/s) 
between 40 and 60 km depth. Regardless of the cold temperatures, velocity may be 
reduced by the existence of serpentine, which may also cause the Moho to have an 
ambiguous signal (DeShon & Schwartz 2004; McKenzie et al. 2008). The second feature 
seen in the tomography is a high Vp/Vs ratio (maximum of 1.8) in a sheet geometry 
extending from 140 km depth up to the Nicaraguan volcanic arc. Since this area does not 
exactly mimic the area of low Vp, it is probably due to the presence of melt moving up to 
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the arc, as well as temperature. At the border of Nicaragua and Costa Rica, the high Vp/Vs 
area becomes shallower and broader. Third, low P-wave velocity anomalies of 4-6% are 
seen at the top of the slab beneath Nicaragua. This probably suggests high water content, 
consistent with the findings of increased water capacity due to faulting in the outer rise 
(Rüpke et al. 2002; Ranero et al. 2003). Results can be explained by serpentinization of 
10-20 wt.%, which would explain the unusual oxygen isotope ratios and high water 
content in Nicaraguan magmas.     
 Rychert et al. (2008) conduct regional attenuation tomography beneath the 
Nicaragua and Costa Rica volcanic arc. Attenuation helps to constrain the thermal 
structure of the wedge and may uncover the existence of volatiles (Karato 2003; Aizawa 
et al. 2008) and melt (Jackson et al. 2004). Characteristics resolved for both Nicaragua 
and Costa Rica include a low shear attenuation (Qs >600) imaged in most of the slab and 
back-arc side of the upper plate, high attenuation (Qs <200) within the subarc wedge, and 
a low-to-moderate shear attenuation zone (Qs >200) in the tip of the wedge corner. 
Beneath Nicaragua the mantle wedge contains a larger zone of greater attenuation. The 
highest shear attenuation, Qs <100, appears under the Nicaraguan volcanic arc and 
extends to 50 km in depth versus 25 km of depth for Costa Rica. This may be due to 
greater hydration beneath Nicaragua. The magnitude of greatest shear attenuation 
measures Qs = 39 for Nicaragua and Qs = 64 beneath Costa Rica. Attenuation in the 
wedge is higher in Nicaragua beneath where the arc is offset and where slow P-waves 
may indicate hydrated crust and mantle (Syracuse et al. 2009). The upper plate shows 
low shear attenuation for both Nicaragua (200< Qs <600) and Costa Rica (Qs >600). Most 
of the slab below Costa Rica has low Qs (~600), while the Nicaraguan slab is moderately 
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attenuating (Qs ~400). Corner wedge attenuation for Nicaragua measures low at Qs >600. 
Corner wedge attenuation for Costa Rica exhibits moderate attenuation of 400< Qs <800. 
This is most likely a colder region of the wedge. There are two small zones of moderate 
attenuation within the shallow slab (45-70 km depth) that could indicate hydrated crust or 
serpentinization. Even considering the range of error and error from damping parameters, 
the tomography points strongly to the Nicaraguan mantle wedge being more attenuating 
than that beneath Costa Rica.  
 
2.2.7 Slow Slip Events and Non-Volcanic Tremor 
 The discovery of slow slip events (SSE) and non-volcanic tremor (NVT) has 
fundamentally changed our understanding of the spectrum of slip possible in subduction 
zones. SSE and NVT are slow movements along the subduction fault that may last for 
days to weeks (Hirose et al. 1999; Dragert et al. 2001; Rogers & Dragert 2003; Ito et al. 
2007) and are seen to be episodic (Miller et al. 2002; Shelly et al. 2006; Brudzinski & 
Allen 2007; Dragert 2007). These events are generally observed to occur together; hence 
they are given the name episodic tremor and slip (ETS, Dragert et al. 2001). ETS has 
been documented in the Cascadia subduction zone (Dragert et al. 2001; Miller et al. 
2002; Melbourne et al. 2005; Brudzinski & Allen 2007), Japan (Hirose et al. 1999; 
Ozawa et al. 2001; Ozawa et al. 2002; Igarashi et al. 2003; Ozawa et al. 2003; Ozawa et 
al. 2004; Hirose & Obara 2005, 2006; Ito et al. 2007; Ozawa et al. 2007) and Mexico 
(Lowry et al. 2001; Kostoglodov et al. 2003; Larson et al. 2004; Franco et al. 2005; 
Brudzinski et al. 2007; Larson et al. 2007). New Zealand has periods of slow slip without 
seismic tremor (Douglas et al. 2005; McCaffrey et al. 2008). Tremor and slow slip have 
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been detected at the boundary of the microseismic zone, usually downdip of the 
microseismicity. The explanation for ETS is still debated, but it is believed that changes 
in pore fluid pressure caused by dehydration reactions likely affect this seismic behavior 
(Shelly et al. 2006; Ito et al. 2007). Temperature is also a likely candidate for influencing 
ETS (Peacock & Wang 1999; Dragert et al. 2001; Peacock et al. 2002), but recent 
detection of ETS in the shallow seismogenic zone may suggest otherwise (Outerbridge et 
al. 2010).  
 Transients in strain accumulation have been recorded in the Nicoya peninsula 
region of Costa Rica since 2000 using GPS (Protti et al. 2004; Outerbridge et al. 2010) 
and borehole measurements of strain (Davis & Villinger 2006; Davis et al. 2011). An 
increased number of sensors and new detection techniques have recently allowed for 
detailed analysis and have found at least five episodes of SSE at the Nicoya peninsula 
(Outerbridge et al. 2010; Walter et al. 2011; Jiang et al. 2012). Outerbridge et al. (2010) 
suggest that tremor occurs in the same depth range as the deep slow slip events but that 
the tremor is not spatially correlated with slow slip events. The newest measurements 
show ETS at both the up- and down-dip limit of microseismicity (S. Schwartz, personal 
communication 2012).  
 
2.2.8 Seismic Anisotropy 
 Preferential alignment of some minerals, e.g. olivine, can generate seismic 
anisotropy. Evidence of this has been seen in some subduction zones (Nakajima et al. 
2006; Long & van der Hilst 2006; Smith et al. 2001; Levin et al. 2004; Anderson et al. 
2004; Pozgay et al. 2007) through observations of shear wave splitting. Patterns of 
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mantle flow that create preferential alignment of mantle minerals in subduction zones 
were generally thought to be trench-normal corner flow, resulting in trench-normal fast 
axis alignment. Contrary to this belief, many studies have found mostly trench parallel or 
sub-parallel fast anisotropy (Smith et al. 2001; Levin et al. 2004; Anderson et al. 2004; 
Pozgay et al. 2007) that implies some sort of trench parallel flow. Hoernle et al. (2008) 
and Abt et al. (2009) investigate arc-parallel flow in the mantle wedge beneath Nicaragua 
and Costa Rica using shear wave splitting measurements and geochemical trends in the 
volcanic arc. Inversions indicate arc-parallel fast axis alignment beneath the arc and the 
back-arc at 50-150 km depth, except for a region of arc-normal alignment at the 
northwestern end of the Nicaraguan arc. This indicates some sort of arc-parallel flow in 
the mantle that may weaken at the northwestern end of Nicaragua.  
Combining anisotropy information with isotopic ratios of the volcanic arc sheds 
additional light on the dynamics of the mantle flow. The high variability in what is being 
subducted along the MAT at Nicaragua and Costa Rica makes for a useful tracer as to the 
source of arc magmas. From Guatemala to northwestern Costa Rica, EPR generated 
seafloor is being subducted. Seafloor originating at the CNS with the Galapagos hotspot 
track upon it is subducting beneath central Costa Rica to Panama. The Galapagos has a 
distinct chemical signature of high 208Pb/204Pb and lower 143Nd/144Nd. From central Costa 
Rica to Nicaragua Pb ratios decrease and Nb ratios increase. The diminishing Galapagos 
component in the volcanic magmas towards Nicaragua cannot be produced by upper plate 
changes. No other seamounts exhibit the signature of Galapagos-like material; therefore 
the Galapagos isotopic signature must be transported northwest in the mantle wedge 
where it is progressively weakened due to a decrease in Pb and an increase in Nd.   
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This mantle flow from the southeast to northwest may be a result of the oblique 
convergence of the Cocos plate at the MAT causing the forearc to translate to the 
northwest, or changes in the slab dip can cause differential rollback of the slab that could 
pull mantle material towards the northwest. The authors calculate the flow ranges from 
63 to 190 mm/yr (Abt et al. 2009). 
 
2.3 Motivation for Research Along the Middle American Subduction Zone 
As suggested by the extent of the information above, the Nicaragua and Costa 
Rica margin has been the site of many geophysical studies. Costa Rica, in particular, was 
an NSF-MARGINS focus site for erosional subduction and of international programs like 
the German SFB 574 “Volatiles and Fluids in Subduction Zones.” Despite this wealth of 
knowledge, there are still many outstanding questions regarding subduction zones that 
remain unanswered despite the work above: What physical properties control fault 
rupture? What controls the changes from stick-slip behavior to steady sliding? What 
proxies can be used to determine the maximum possible extent of earthquake rupture 
(Lay, ed.,2009)?   
The answers to the above not only have scientific significance but also societal 
impact. The largest earthquakes on earth are generated at subduction zones, and due to 
the tectonic configuration of subduction, these areas lie at highly populated, low-lying 
coastal regions. Hazards from these events include not only deformation and shaking 
from shallow megathrust events but also potential tsunamis. Understanding how these 
events behave in space and time is crucial for hazard preparation, particularly how we 
can deduce potential rupture size and magnitude in a particular region. 
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The Nicaragua-Costa Rica region of the Middle American subduction zone is an 
excellent location to explore the relationships between changing along-strike properties 
and seismogenesis. As describe above, both the incoming plate and the overriding plate 
tectonics vary greatly from Nicaragua to southern Costa Rica. Past studies of the area 
have been unable to individually address the along-strike changes in seismogenic zone 
structure because of limited networks and data. This study aims to image physical and 
material properties through tomographic inversion of local earthquake P and S arrival 
data. Unlike past studies, I have integrated the data from five networks with nearly 
continuous coverage of the margin from southern Nicaragua to southern Costa Rica. 3D 
double-difference seismic velocity inversion is performed jointly with earthquake 
hypocenter relocation. I expect to see a correlation between the changing along strike 
properties and the velocity structure. With the resulting images I can address the 
continuity of velocity structure and deduce regional variations along the margin. For 
example, how does hydration of the incoming oceanic lithosphere affect shallow and 
intermediate intraplate seismogenesis? Do incoming plate and/or overriding tectonics act 
to change the patterns of seismicity seen across the margin? What physical properties are 
controlling the up- and down-dip limits of seismicity? High resolution hypocenter 
locations allow for characterization of the plate geometry and crustal structure. Along-
strike continuous velocity images provide insight into hydration, material properties, and 
seismogenic zone geometry, which influence the generation of large earthquakes and 




3 INTEGRATION OF ARRIVAL TIME DATASETS FOR CONSISTENT 
QUALITY CONTROL:  A CASE STUDY OF AMPHIBIOUS EXPERIMENTS 
ALONG THE MIDDLE AMERICA TRENCH 
 
3.1 Abstract 
This chapter presents an efficient method to integrate earthquake waveform and 
arrival onset data collected across multiple passive seismic arrays and focuses on defining 
consistent quality criteria that can be used to improve earthquake location and 
tomography images.  I test the technique on data collected on five amphibious arrays 
deployed along the Costa Rica and Nicaragua portion of the Middle America subduction 
zone.  The five experiments were composed of differing sensor types (1- and 3-
component land and ocean bottom broadband seismometers and hydrophones), were 
archived using different software packages (Antelope and SEISAN), and were 
automatically and manually picked using various quality criteria.  This resulted in a 
disparate set of pick weights for use in margin-wide studies.  I reevaluate pick quality 
using an automated arrival detection algorithm based on the wavelet transform and 
Akaike information criterion (AIC). I use a quantifiable measure of onset time 
consistency over various scales to assign a revised quality to the analyst pick, which is in 
turn translated to a pick weight for use in inversion studies. Approximately 31% of P 
arrival times and 26% of S times are classified as high quality picks (quality 0-1) and an 
additional 21% of P times and 27% of S arrivals are good quality (quality 2-3).  The 
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revised quality picks are mapped directly into new pick weights for inversion studies. We 
explore the effect of new weighting and removal of poor data by relocating hypocenters 
using a one dimensional velocity model and conducting double-difference local 
earthquake tomography (LET).  Analysis of the hypocenter relocation and seismic 
velocity tomography results suggests that using the improved quality determinations have 
a larger effect on improving sharpness in the velocity images than on the magnitude of 
hypocentral movement.   
 
3.2 Introduction 
Imaging the Earth with ever increasing resolution using travel-time inversion 
techniques has become possible due to the increasing number of and quality of seismic 
stations worldwide. Large-scale experiments such as USArray and expanding global and 
country-wide networks produce large travel time datasets that can be integrated to obtain 
detailed images of Earth and its dynamic processes. Despite the sheer quantity and 
quality of the data currently being collected, resolution and uncertainty of inverse 
solutions are limited by the accuracy of individual arrival time measurements. For 
example, in seismic velocity tomography, calculated travel time residuals are attributed to 
differences between the starting model used in the inversion problem and actual Earth 
structure. Inaccurate arrival time data map into the observed travel times and lead to 
inaccurate residuals, resulting in noisy tomographic images. These errors commonly 
occur due to inconsistent hand picking because of noise, personal bias, or filtering (Diehl 
& Kissling 2007). Tomography accuracy does not solely depend on travel time accuracy, 
but other factors such as model parameters, ray tracing, and inversion algorithms have 
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largely been optimized in the past couple of decades through advances in forward 
modeling techniques and increased computing power (e.g. Thurber 1983; Um & Thurber 
1987; Virieux et al. 1988; Podvin & Lecomte 1991; Haslinger & Kissling 2001; Husen & 
Kissling 2001). Inconsistencies in the travel time datasets remain a significant source of 
unmodeled error (Diehl et al. 2009; Husen et al. 2009). With larger and larger datasets 
becoming available, it becomes tedious, if not impossible, to personally review every 
arrival pick, especially when trying to integrate several datasets with each recording 
months to years of seismic data. 
The complexity of seismic waveforms at local to regional distances can make the 
process of hand picking first-arriving P and S arrivals difficult. Often the identification of 
phases is complicated by the close arrivals of many different phases at short hypocenter 
to station distances. Even a single seismologist will introduce their own subjectivity as to 
where they interpret the change of amplitude and change in primary frequency that 
denotes the arrival of the particular phase (Diehl & Kissling 2007). Despite error, we 
assume, because of years of practice and the power of the human brain to analyze and 
interpret variability, that actual analyst picked arrivals are better than the alternative 
automatic picks. Though it has been shown that human and automatic picks are 
comparable (Sleeman & van Eck 1999; Leonard 2000; Zhang et al. 2003), typical 
automatic picking does not provide a tangible assessment of the actual quality of the 
automatic pick. Significant improvement in resolution and reliability of local to regional 
tomographic studies can be made by automatically repicking and weighting data (Di 
Stefano et al. 2006; Diehl et al. 2009), resulting in either adjusted picked onsets or 
increased accuracy differential times. Picking error can additionally be reduced using 
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cross-correlation (CC) of similar events (Got et al. 1994; Dodge et al. 1995; Shearer 
1997; Rubin et al. 1998; Waldhauser & Ellsworth 2000; Rowe et al. 2002). 
Considering the above, it would be desirable to combine the experience of a 
seismologist with the consistency of a computer algorithm to verify arrival onsets and 
prescribe a quality to the pick. Here we use an Akaike’s Information Criteria (AIC)-based 
automatic pick algorithm (Zhang et al. 2003) that uses wavelet transforms to quantify the 
quality of analyst-identified (or original processing) arrival onset times across five 
amphibious passive seismic arrays deployed along the Middle America subduction zone. 
The goal is to compile the highest quality dataset of P- and S-wave absolute onset and 
differential times for use in studies of the subduction seismogenic zone.  The automated 
quality determination presented here results in more accurate and consistent weighting 
and identifies inaccurate analyst-determined phase onsets or errors in the original phase 
identification processing. In addition, P- and S-wave differential times are calculated 
using cross correlation with bispectrum verification (BCSEIS, Du et al. 2004) to further 
adjust differential times for more accurate data. The effect of the new weighting and 
removal of phases on hypocentral location is explored using relocation through a 
minimum one-dimensional (1D) velocity model, which uses absolute data, and in double-
difference local earthquake tomography, which uses both absolute and differential data. 
The minimum 1D model is the 1D model that best reduces the residuals. The resulting 
high quality integrated set of P and S absolute and differential times can be used for a 
wide range of studies, and the data preparation outlined below provides an automated 




The Nicaragua/Costa Rica segment of the Middle America subduction zone has 
been a focus site of seismogenic zone studies over the last decade, in part because the 
Osa and Nicoya peninsulas in Costa Rica extend close to the trench and because the 
region exhibits high along-strike variability in subduction characteristics (Fig. 3.1a).  
Previous studies of seismic velocity, attenuation, and earthquake location have shown 
that seismogenic zone behavior is strongly influenced by plate structure, temperature, and 
fluid-related processes (Hyndman & Wang 1993; Protti et al. 1994; Protti et al. 1995; 
Hyndman et al. 1997; von Huene et al. 1995; Barckhausen et al. 2001; Fisher et al. 2001; 
Protti et al. 2001; Harris & Wang 2002; Newman et al. 2002; Currie et al. 2002; Bilek et 
al. 2003; DeShon & Schwartz 2004; Ranero et al. 2005; Schwartz & DeShon 2007; 
Rychert et al. 2008; Syracuse et al. 2008). Local earthquake tomography-derived velocity 
models aimed at characterizing lateral and downdip variability along the seismogenic 
zone have been limited to individual experiments (Fig. 3.1a).  Five amphibious datasets 
were collected along the margin between 1999 and 2006.  Two were collected as part of 
the NSF sponsored Costa Rica Seismogenic Zone Experiment (CRSEIZE) and three were 
collected under the umbrella of the German SFB 574 program.  Each experiment used 
different sensors, database archive methods, automatic and manual onset identification 
techniques, and phase onset quality determination. Thousands of local earthquakes and 
associated arrival times are associated with each experiment.  The goal is to combine 
these available datasets for higher resolution relocation, velocity and attenuation studies 




Figure 3.1: Nicaragua/Costa Rica study area along the Middle America subduction zone. 
(a) Station locations for the five arrays. Seismic stations for the OSA array are 
represented by the black triangles, NICOYA with black circles, QUE with yellow 
squares, NICAT with yellow diamonds, and JAC with orange squares. The incoming 
plate shows significant variability along strike in plate age and origin (Barckhausen et al., 
2001). The black lines labeled A, B, C and D show cross sections that are discussed in the 
tomography section. (b) Black circles identify seismicity recorded during the 











































3.3.1 Costa Rica Seismogenic Zone Experiment (CRSEIZE) 
CRSEIZE included a two-stage amphibious deployment that began in September 
of 1999, jointly overseen by the University of California-Santa Cruz, the Observatorio 
Vulcanológico y Sismológico de Costa Rica (OVSICORI), and Scripps Institution of 
Oceanography (SIO) (Newman et al. 2002; DeShon et al. 2003; DeShon & Schwartz 
2004; DeShon et al. 2006; Schwartz & DeShon 2007). The passive seismic component 
combined 3-component broadband and short-period land seismometers with 3-component 
broadband ocean bottom seismometers (OBS) (Fig. 3.1a, Appendix 1), and it recorded 
local, regional, and teleseismic events near the Osa and Nicoya peninsulas (Fig. 3.1b). 
The Osa deployment began mid-September 1999 and recorded two months of aftershocks 
from the MW 6.9 1999 Quepos earthquake on 6 land seismometers and 14 OBS.  In 
December 1999 these stations were redeployed on and near the Nicoya Peninsula and 
supplemented with 14 additional land seismometers.   
All CRSEIZE land data were continuously recorded at 40 Hz and later processed 
into SEED format. Waveform data are available through the IRIS Data Management 
Center (DMC). The OBS data were sampled at 64 or 128 Hz and converted into SAC 
format after applying timing corrections; instrument orientation was identified using 
magnetic locking compasses (Sauter & Dorman 1995), and instrument responses 
calculated for individual stations or components (see DeShon 2004). Antelope software 
(www.brtt.com) was used to organize seismic waveforms, detect events (automatically 
and manually), generate initial locations, and compute local magnitudes (ML).  Phase 
onsets were detected using a short-term versus long-term average (STA/LTA) method 
implemented in the “dbdetect” function of the Antelope software. Phase associations and 
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initial event locations were calculated using “dbgrassoc” (Antelope) through the global 
IASP91 velocity model (Kennett & Engdahl 1991). Analysts then reviewed the automatic 
P and S arrival picks, added thousands of additional P and S arrivals, and manually 
identified smaller events missed using automated techniques (DeShon 2004; Ghosh et al. 
2008). Earthquakes are shown in Fig. 3.1b and details of the dataset are in Table 3.1.  
 
3.3.2 SFB574 QUE, JAC, and NICAT Experiments 
The German SFB 574 project, operated by Christian Albrechts University of Kiel 
and Leibniz Institute of Marine Sciences at the University of Kiel (IFM-GEOMAR), 
funded three amphibious experiments to study volatiles and fluid exchange along the 
erosional Nicaragua/Costa Rica margin. The experiments consisted of offshore OBS and 
ocean bottom hydrophones (OBH) and short-period land stations (Fig. 3.1a). The JAC 
array recorded during 2002 (Arroyo et al. 2009) and was then moved south in 2003 to 
become the QUE array (Dinc et al. 2010). Each array consisted of 23 offshore stations 
(~10 3-component OBS and ~13 single-component OBH) and 13 3-component short-
period land stations. The Nicaragua amphibious array (NICAT) was deployed in 
December 2005 through June 2006 and consisted of 20 3-component OBS and 30 land 
stations (Dinc et al. 2011). The JAC and NICAT arrays recorded at a sampling frequency 
of 100 Hz. The QUE array recorded at 50 Hz. Station information for the SFB arrays is 
given in Appendix 1.  
SFB574 seismic data were archived using SEISAN (Havskov & Otemoeller 2005). 
A STA/LTA trigger was used to identify phase onsets. Locations were calculated  
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using the program HYP (Lienert & Havskov 1995). Initial earthquake locations are 
shown in Fig. 3.1b and arrival information in Table 3.1. 
 
3.3.3 Reference Events  
We selected a set of 20 reference events from each of the 5 experiments to 
represent a cross section of earthquake and station distribution. The reference events were 
used to choose appropriate parameters for the Wavelet-AIC automatic picker and 
waveform cross-correlation. These events were selected to span the spatial, temporal, and 
magnitude range; station coverage was also considered. Locations for the seismicity 
recorded during the experiments and the reference events are shown in Fig. 3.1b. 
Reference event waveforms were visually inspected to grade initial overall quality and 
noise level and to verify the performance of the cross-correlator and automatic picker. 
 
3.4 Quality Determination 
3.4.1 Method 
Each of the five experiments in this study implemented a quality scheme to rate 
the confidence of each picked arrival. For example, originally JAC’s phase picks were 
weighted from 0 to 4, with 0 denoting the most confident pick with an uncertainty of 
±0.05 s and 4 for the most uncertain picks (> 0.2 s) (Arroyo et al. 2009).  However, 
quality for the CRSEIZE phase onsets was defined less consistently, and at times not at 
all, in part because Antelope by default does not provide a simple method to define 
quality using the standard 0-4 criteria.  Herein lies the problem of the quality control 
obstacles of large seismic data sets.  Tens of analysts were involved in processing the five 
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datasets and hand picking P and S onsets.  “Certainty” of a pick is highly subjective. As a 
result, there has been no standardized procedure for quantifying pick quality that can be 
used to weight data for inverse approaches.  Thus we decided that integrating the five 
datasets required evaluation of the quality of each arrival pick using an automated and 
standardized measure.   
There are four main types of automatic picking methods: time domain, frequency 
domain, particle motion determination and adaptive window length processing, as 
summarized in Withers et al. (1998). Recently developments in wavelet transform 
methods (Anant & Dowla 1997; Zhang et al. 2003) and polarization (Vidale 1986; 
Reading et al. 2001) have been used for phase detection, with the most popular method 
for seismologic studies being the autoregressive (AR) model (Yokota et al. 1981; Maeda 
1985; Takanami & Kitagawa 1988; Sleeman & Eck 1999; Leonard & Kennett 1999; 
Leonard 2000).  
For this dataset I first tried implementing an automatic frequency-based picker. 
The picker identifies abrupt changes in the power density spectrum (PDS) over a range of 
frequencies and maps those changes to either a P or S onset time. Abrupt changes in the 
spectrum indicate an arrival of seismic energy. Examples are shown in Figs. 3.2 and 3.3. 
The figures show the displacement trace in the top figure with the original hand-picked 
arrival. The bottom trace shows the power density spectrum. The picker bases its pick on 
the smoothed PDS shown as the red line enveloping the PDS. Several problems arose 










Figure 3.2: Examples of automatic frequency-based arrival picks for two stations. Top 
row shows the displacement trace and the bottom row shows the corresponding power 
density spectrum (PDS). The red trace along the top of the PDS is the smoothed PDS 
upon which the picker bases its pick. The P arrival was hand picked on the displacement 
seismogram (in red). The frequency picker selects a P (green) based on changes in the 










































600 800 1000 1200
600 800 1000 1200
1200 1400 1600 1800
1200 1400 1600 1800






Figure 3.3: Example of the frequency picker failing. The P arrival was hand picked on 
the displacement seismogram (in red). The frequency picker selects a P (green) based on 
changes in the PDS. Quality 4 (P4) is very low quality and the waveform would not be 
used in further research.  
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frequency picker sometimes fails to correctly pick the true arrival as it does with the OSA 
event shown at station MATA. The picker tends to fail if the arrival is emergent, if the 
waveforms have been clipped (common on the SFB OBH/S data), or if there is noise 
between 1-10 Hz (also an issue on some SFB OBH/S data). The picker failed under too 
many circumstances, especially with S waves, to be considered a reliable method for 
automatic picking.  
Next I used the Wavelet-AIC automatic picker, as developed by Diehl et al. 
(2009), to ensure quality standardization across all available datasets. The final quality 
assessments are based around this automatic picker as described below. Following 
Kitagawa & Akaike (1978), an adapted automatic picker based on the Akaike’s 
information criteria (AIC) can be used to select a phase onset. The method of AR 
techniques is based on the understanding that a seismogram can be divided into segments 
that are locally stationary before and after the phase onsets that can each be modeled by a 
distinct AR process (Sleeman & Eck 1999). The dividing point between the two different 
processes is assumed to be the phase arrival. The AIC evaluates how well the trial and 
error AR process fits. As the dividing point of the two stationary segments move, the 
location of the minimum AIC value is assumed to be the best location and thus the arrival 
time (Akaike 1973). The picker method of Diehl et al. (2009) uses a method by Maeda 
(1985) that calculates the AIC coefficients without the AR processes.  
The Wavelet-AIC automatic picker as implemented by Zhang et al. (2003), 
ensures standardized quality measurements across all available datasets. A similar 
technique was developed by Diehl et al. (2009). The picker method of Diehl et al. (2009), 
however, used a method by Maeda (1985) that calculates the AIC coefficients without the 
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AR processes. AIC-pickers are optimal if they are applied to the part of the signal that 
contains the onset in order to guarantee that the global minimum of the AIC function 
represents the P or S phases (Zhang et al. 2003). Because the AIC performs best when 
started around the onset, a wavelet transform application is initially used on the 
waveforms to detect potential phase onsets and to establish a window around the arrival 
for which the AIC picker will use to give a final arrival time (i.e., Takanami & Kitagawa 
1991; Leonard & Kennett 1999; Sleeman & van Eck 1999).  
Unlike the Fourier transform, the wavelet transform can represent the seismogram 
locally both in time and frequency domains with detail that matches the scale used. This 
transform calculates the time-dependent contributions to the waveform in terms of scale, 
making it non-redundant. The coarse features can be seen on large scale and fine features 
on small scales.  The scale factor regulates the expansion or compression of the wavelet. 
Major features of the signal will remain visible over many scales, while characteristics 
such as noise will disappear at larger scales. Fig. 3.4 shows examples of wavelet 
transforms for P and S-waves in the dataset. The rapidly increasing wavelet coefficients 
mark the area of the phase onset. For my evaluation of arrival pick quality, I do not use 
the wavelet transform to pick the arrivals. Rather, I use it to provide a window around a 
suspected arrival for the AIC picker to evaluate. The selected phase onset is the point 
where the AIC has a minimum value (Fig. 3.4).  
Onsets identified using the Wavelet-AIC method are compared to the original 
picked arrival. The automatic pick is used to quantify the quality of the original pick. For 
example, if the automatic pick is within ±0.05 s from the original picked time, the 
original pick is given a quality of 0 (most confident pick). I assign pick quality on a 0-5 
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scale whose values are shown in Table 3.2, with quality 0 being the best picks, 4 being 
poor quality/confidence picks, and 5 denoting when the Wavelet-AIC picker failed to 
detect a consistent pick across the different wavelet scales. Fig. 3.5 shows examples of 
waveforms along with the originally picked onsets and Wavelet-AIC picked onsets.  
The automated pick is used solely to assign a quality to the original pick. Since the 
majority of the phase picks were selected by a person or at least visually inspected, I 
choose to use the original pick if it is deemed high quality by the Wavelet-AIC picker. I 
assume that an experienced analyst will produce higher quality picks than an automated 
method.  
 
3.4.2 Results  
 A summary of the phase quality as determined by the Wavelet-AIC picker scheme 
is given in Fig. 3.6. Quality is broken down by experiment and further by reference 
events and land versus OBS stations. The first column under each experiment shows the 
P and S pick quality for the complete dataset. Fig. 3.6f shows the quality of the entire 
integrated dataset. Approximately 31% of all the P arrival picks qualify as extremely 
confident/high quality picks (quality 0-1). Another 21% rate as good quality (quality 2-3).  
Results of the S quality assessment yield 26% having excellent quality (0-1) and an 
additional 27% with good quality (2-3). I would not recommend that quality 4 picks 
(19% for P and 27% for S) be used further. Quality 5 represents the data with 
which the automatic picker failed to detect a consistent arrival onset at the different 




Figure 3.4: Waveform and absolute wavelet coefficients for 3 scales (left column) and 
their corresponding AIC values (right column). Analyst picks are shown by the vertical 
solid black line on the waveform.  Wavelet-AIC picks are shown as the dashed line. (a) P 
arrival for land station BIJ of the JAC array. The rapidly increasing coefficients mark the 
area of the wave onset, and this time window will be used to guide the AIC picker. The 
automatic pick differed from the hand pick by 0.12 s. (b) S arrival for OBS station SS18 
of the OSA array. The automatic pick differed from the hand pick by 0.079 s. The scale 
factor controls the dilation or compression of the wavelet. At lower scales, the wavelet is 
compressed and shows the rapidly changing details of the signal. In the higher scales, the 
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Figure 3.5: Example of waveforms with the hand picked arrivals (red solid vertical lines) 
and the automatic picks from the Wavelet-AIC automatic picker (dashed lines). Arrival 
phase (P/S) and quality (q) are indicated on the waveforms. Differential time between the 
analyst and automatic picks are shown below the quality in seconds. Station name and 
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S arrivals are of lower quality, which likely reflects the inability of the automatic 
pickers (and humans) to locate S arrivals in P coda and/or the increased complexity of the 
S waveforms. Fig. 3.7 shows two examples of typical S picker failure. Fig. 3.7a 
shows a waveform with a small precursor phase arriving before the actual S phase. The 
picker does not work well in this scenario. The picker requires that at least three of the  
four AIC pick locations at the different wavelet scales (raw waveform, scale 1, scale 2, 
and scale 3; see 2) fall relatively close together (< 0.5 seconds) to be considered a 
confident phase pick. The precursory phase creates its own local AIC minimum, therefore 
complicating the determination of the local minimum that corresponds to the actual S 
phase. The example in Fig. 3.7b fails due to the emergent nature of the S arrival. Again 
the picks at different scales are not consistent enough to determine a phase arrival. In 
both cases, the human pick (solid vertical line on the raw waveforms) cannot be given a 
very high confidence level due to the complex nature of the waveforms.  
With such a large dataset, I suggest that removing the “possibly” bad P- and S-
wave data as opposed to leaving data of un-quantified quality will strengthen the 
integrated dataset described above. This hypothesis is tested further below. The reference 
events show a similar trend to the complete dataset. In all experiments, the land stations 
exhibit slightly higher quality than the OBS stations, which is expected since ocean 
stations have higher noise.   
Every waveform in the reference events for all five experiments was visually 
inspected to ensure that the automatic picker was assigning a reasonable quality factor. 
For the OSA array, 9 P arrivals (out of 230 picks) and 19 S arrivals (out of 231 picks) 





Figure 3.6: Distribution statistics on the redetermined quality factors for all arrivals, 
separated by array (a-e). Labels indicate if P or S data are included in the pie chart.  The 
total number of picks represented in each chart is indicated at the lower left of the chart. 
Reference events were chosen to be representative prior to any calculations, and their 
quality closely mimics that of the overall datasets for each array.  Land stations yield 
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Figure 3.7: Examples of the Wavelet-AIC method to identify an arrival. (a) Waveform 
and absolute wavelet coefficients for 3 scales (left column) and their corresponding AIC 
values (right column) for OBS station SS16 of the OSA array. The hand pick is shown by 
the vertical solid black line on the waveform. Automatic arrival location of the S wave on 
these waveforms fails due to a precursory phase resulting in multiple AIC minimums. (b) 
Coefficients and AIC values for land station MARE of the OSA array. Automatic pick 
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detect an arrival (quality 5) when visual inspection showed an obvious, clean phase 
arrival with an accurate analyst pick. The NICOYA reference dataset contained 26 
 (of 247) P arrivals and 35 (of 166) S arrivals that were good analyst picks but were given 
poor ratings. Analyzing the SFB experiments, QUE lost 8 P picks (out of 298) and 12 S 
picks (out of 85) due to automatic picker error. JAC had 30 good P arrivals (230 total) 
and 29 good S arrivals (104 total) that were given qualities 4 or 5. In the NICAT database, 
28 of 194 P picks and 26 of 135 S picks were lost to pick inaccuracy. Inspection revealed 
no obviously bad picks that were given good quality ratings.  
 
3.5 Waveform Cross-Correlation  
Double-difference local earthquake tomography techniques reduce noise in 
resulting velocity images by inclusion of differential time data. Differential times, the 
time difference between phases reported at common stations for pairs of earthquakes, can 
be calculated directly from catalog data or via CC (Waldhauser & Ellsworth 2000; Zhang 
& Thurber 2003). I test the effect of improved quality control using double-difference 
techniques. I use the Bispectrum Cross-correlation for SEISmic events package 
(BCSEIS; Du et al. 2004), which correlates waveforms in the spectral domain and 
computes differential times directly.  CC is first performed between the Fourier 
transforms of the waveform data, which is also known as correlation in the second-order 
spectral domain.  BCSEIS also calculates the bispectrum CC (BCC), equivalent to 
correlation in the third-order spectral domain, because this correlation is less sensitive to 
correlated noise such as wind or waves. The BCC is used to verify (accept or reject) the 
results from the standard frequency CC. Subsample precision is obtained through 
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application of a coherence-weighted linear fitting of the cross-spectrum phase, a 
technique of Poupinet et al. (1984). Differential times (dt) are computed for event pairs of 
highly similar waveforms at one or more stations.  CC studies frequently use the 
correlation coefficient thresholds (i.e., 0.80) to accept or reject arrivals or differential 
times at a specific station or event pair. Such thresholds may, if too high, discard many 
accurate times, and if too low, contaminate the dataset with unreliable information. These 
problems are most often an issue when high noise levels are present, resulting in low CC 
coefficients. These low coefficients are interpreted as seemingly dissimilar waveforms. 
BCSEIS takes waveform similarity at all stations for a given event pair into account and 
uses a tiered set of thresholds to reject or accept differential times for inclusion in a final 
dataset. For the Nicaragua and Costa Rica data, the initial CC is performed on bandpass 
filtered waveforms (1-10 Hz, 2 poles, 2 passes) while the BCC is calculated on both the 
raw and the filtered data. The original picks were always made on unfiltered data. The 
initial CC derived time delay is translated to a differential time if the initial CC and both 
BCC delays are within two samples of one another, a user defined choice. All differential 
times associated with CC coefficients ≥0.65 are kept, similar to a traditional threshold 
approach. If an event pair has a CC coefficient ≥0.80 at any recording station, then data at 
other stations with coefficients ≥0.50 are also included in the final dt dataset. Examples 









Figure 3.8: Example of realignment resulting from waveform cross-correlation for four 
arrays.  For each, event 1 is shown in black and event 2 in gray.  The waveforms are 
aligned on the adjusted P after bispectrum CC.  The P for event 2 is left at the original 
manual pick (dashed line).  The cross-correlation derived P pick for event 2 is shown by 
the solid red line.  Event information and time domain CC coefficients are listed for each 
waveform.  Note that the BCSEIS package allows for direct computation of differential 
times rather than absolute pick adjustments, and the absolute adjustment shown here is 
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Fig. 3.9 summarizes the CC results using a multi-threshold approach with  
bispectrum verification for each of the five experiments, as well as results assuming a 
traditional single threshold of 0.80 and 0.65. For the integrated dataset, CC resulted in 
22,261 similar event pairs, 47,326 P dts, and 24,980 S dts.  This is ~2 times more event  
pairs than traditional single threshold (0.80) cross-correlation would yield and an ~2 and 
~3 fold increase for P and S dts, respectively.  
 
3.6 Discussion  
 I quantify the reliability of the automatic picker to assign accurate quality factors 
and explore how the use of the new qualities as mapped to weight would affect the 
subsequent data processing, e.g. earthquake relocation and velocity tomography. I have 
integrated five large amphibious P- and S-wave arrival datasets into one exceptionally 
high quality set of absolute and differential time data using a combination of quality 
verification and CC techniques. Some loss of “good” arrival times occurs due to the 
failure of the automatic picker to correctly identify emergent or complex onsets, 
especially for S-waves. The loss is acceptable, however, in order to gain a consistent 
quality factor for every arrival.   
 
3.6.1 Dataset Bias 
I looked for trends and systematic biases in the differences between the original picks and 
automatic picks. Table 3.3 shows statistical measurements of the distribution of these 
differences for each of the experiments. Scatter plots and histograms revealed a slight 







Figure 3.9: Number of event pairs, P differential times, and S differential times following 
the bispectrum CC of the five arrays and the integrated dataset. Histograms show a 
comparison between a traditional single threshold cross-correlation, with thresholds set at 
0.80 and 0.65, and the multi-threshold approach with bispectrum verification using 
threshold parameters described in the text.  The comparison indicates that more high-
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to the analyst. There was no evidence of multimodal distributions. Of the five 
experiments, NICOYA and NICAT lose the largest absolute number of arrivals due to 
quality 4 and 5 ratings (Figs. 3.6b and 3.6d). The NICOYA and NICAT experiments  
have the highest standard deviations associated with original pick versus automatic pick 
time differences (Table 3.3). NICOYA, however, is also the largest dataset because 
stations were deployed for a significantly longer time period than the other experiments 
and had the most analysts with the broadest range of experience picking phase arrivals. 
Therefore, it is not surprising that the pick quality of NICOYA dataset is most variable. 
NICAT’s poor quality is due to the overall noisier waveforms compared to the other 
experiments.  The poor quality rating of the NICOYA and NICAT datasets significantly 
diminish the apparent quality of the integrated dataset (Fig. 3.6f). Excluding the 
NICOYA and NICAT datasets would increase the percentage of high quality picks 
(quality 0-3) to 68% of the P wave data and 69% of the S wave data. 
 Although NICOYA and NICAT show the largest differences between original and 
automatic picks, overall the means and medians are low for all experiments, with most in 
the range of being high quality data (<0.05 s). There is a large difference between 
standard deviations reported for all data versus only the high quality (0-3) data. This is 
expected since standard deviations around means are sensitive to large outliers. The 
deviation from the median is quantified using the median absolute deviation (MAD). 
MAD is calculated by first finding the median of the data residuals and then taking the 
median of the absolute deviations about that data residual median. MAD is less sensitive 
to large outliers and better quantifies the statistical dispersion of all data (Table 3.3). The 
MAD values for the complete dataset and the high quality data are similar and low, again 
! 74!
suggesting that the larger standard deviations for all the data versus the high quality 
subset is caused by outliers which are removed through the quality control scheme.  
 
3.6.2 Effect on Earthquake Location 
To quantify what effect the new quality determinations and removal of poor phase 
picks would have on earthquake location, I relocated all earthquakes using the original 
data qualities (i.e. all phases given quality 0) and the new data qualities (qualities 0-5). I 
calculate locations using VELEST (Kissling et al. 1994) and a 1D model created from 
previously published minimum 1D models for this region (Quintero & Kissling 2001; 
DeShon et al. 2003; DeShon & Schwartz 2004; DeShon et al. 2006) (Table 3.4). The new 
qualities range from 0-4 and are used directly in VELEST to describe the relative 
weighting of the phases.  Phases of quality 4 are down-weighted to 0 in the inversion 
process, however. The numbers of arrivals for P and S are given in Table 3.5.  Note that 
relocation using either the original or new qualities results in different hypocentral 
location changes from the original catalog solutions due to differences in velocity models 
from the original processing and the use of a different relocation technique. This 
relocation method does not use differential times or cross-correlation information.  
I compared both sets of relocations to the original catalog locations and to each 
other. The mean, median, and standard deviation of changes in latitude, longitude, depth, 
and origin time were calculated for each of the five experiments (Table 3.6). Changes in 
hypocentral distance, number of P and S waves, and RMS for each array are shown in 
Table 3.5.  
! 75!
For all arrays, analysis of the new hypocenters show that the subset data with the 
new qualities (newq) and the data with the original qualities (oldq) produce similar 
relocations results (Table 3.5, 3.6). The median distance difference between the relocated 
hypocenters produced by the originally weighted data and the newly assigned data quality 
ranges between 1.8 and 4.6 km, while the shift of the oldq and newq relocations relative 
to the original catalog locations are similar. The overall RMS values using the oldq and 
newq catalogs are also very similar for each experiment. The removal of a substantial 
amount data did not significantly affect the relocation statistics, in part because large 
residuals are down-weighted during the inversion process.  So even with very different 
initial weighting schemes, the final set of arrivals used to relocate the oldq and newq 
catalogs were largely the same.  These results do suggest, however, that location 
uncertainty for the 1D relocations is on the order of a few kms for all of the experiments.  
 
3.6.3 Effect on Seismic Velocity Modeling 
Precise P and S arrival times are required for the inversion of travel time data to 
derive seismic velocity. Because of the non-uniqueness of inversion solutions, the quality 
of the initial input data is especially important. The inversion of poor quality data can still 
result in minimized final residuals and a model that may have low RMS and reasonable 
variance, yet not realistically describe the velocity structure. I test the effect of including 
all data of unknown quality versus limiting the dataset to only data I know is high quality 
into a double-difference seismic velocity tomographic inversion (tomoDD, Zhang 2003; 
Zhang & Thurber 2003).  
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The inversion of the high quality subset of the CRSEIZE and SFB data was 
performed first. Details of procedures for this inversion are described in Chapter 4. The 
qualities from this study were translated into weights ranging from 0 (poor) to 1 (best) for 
the P and S picks. These weights (Table 3.2) were used in the tomography algorithm. A 
second inversion was performed using the same event subset but with the P and S 
weighting all set to 1. I will refer to this second tomographic test as the “equal weights” 
data for simplicity of description. Catalog differential times were calculated so that the 
differential times also reflected the new qualities. Both inversions used identical cross-
correlation data and weighting derived using BCSEIS.  
RMS, model variance, and data variance between the resulting two models differ 
little, though weighted data has slightly lower RMS and model/data variance. These 
similar statistics reflect the double-difference tomography algorithm’s effectiveness at 
minimizing residuals even with a poorer quality/unweighted dataset through the use of 
residual weighting. In this case, a residual spread is calculated (a robust equivalent to 
standard deviation) (see Zhang 2003). A cutoff value is assigned to the spread, usually 
between 3 and 6. If the residuals approach the cutoff spread value, the residual weighting 
drops to zero. This essentially removes non-Gaussian outliers from being used in the 
inversion for both the unweighted and the weighted inversion.  
Even though the statistics differ little, differences in the final output velocity 
models are quite large. Fig. 3.10 shows the resulting tomographic images for seismic 
velocity using the high quality weights (column A) and the equal weights data (column 
B). Inversion of the equal weights data introduces velocity perturbations in areas not 
resolved in the quality weights inversion. For example, in all the cross sections shown in  
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Figure 3.10: Comparison of weighted data tomographic images versus unweighted data 
tomographic images. Column A shows seismic velocity perturbations (%) from the 1D 
starting model of the inversion performed with the new weighting based on the quality 
determination. Column B shows the inversion using the data all weighted to 1. Contours 
are shown for +/- 15, +/- 10, and +/- 5%. Column C is the difference in the absolute 
velocity of the weighted minus the unweighted model in km/s. The Fig. 1 map shows the 
locations of the cross-sections. The cross section name is indicated in the lower left-hand 
corner of the plot. Unweighted model shows significant differences in locations of 
perturbations and perturbation amplitudes.  
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Fig. 3.10, the equal weights inversion shows strong velocity perturbations in the oceanic 
mantle. In areas of highest resolution, the major characteristics of the cross sections are 
similar, but the amplitudes of the perturbations in the equal weights data are much larger, 
in many places +/- 10% or more from the 1D minimum starting model. The difference in 
the quality weighted and equal weighted absolute velocity in km/s can be locally large 
(column C). In many locations the two models differ as much as +/- 1.5 km/s. For context, 
if a velocity of 7.0 km/s is reduced by 1.5 km/s in the equal weights tomography, there is 
a velocity reduction of 22% between models. This magnitude of differences between 
models is unreasonable. With this comparison it is obvious that the inversion is trying to 
correct for the poorer quality by introducing unrealistic velocities into the model. The 
equal weights model contains noise due to the identical initial weighting of high and low 
quality data. However, there is no statistical indication (RMS, etc.) that would reveal this 




 Many seismic studies rely on the accuracy of travel time datasets, and the phase 
quality verification method outlined here can be easily applied to consistently quantify 
the quality of preexisting datasets where waveforms are available. The Wavelet-AIC 
method allows quick and consistent verification of pre-existing phase onset quality, 
which is valuable when many people have analyzed the data and inconsistent quality 
factors result. I would have been unable to visually assess the quality of every arrival pick 
in a timely fashion. The new quality factors can be easily transformed into weights for 
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inclusion in studies that use such data. As other studies have shown, the use of CC 
methods can also reduce phase onset errors.  The joint approach of using autodetectors to 
verify pick quality of large datasets results and CC methods to improve absolute and/or 
differential times is an efficient solution to the increasingly common problem of 
producing well-described, high quality arrival time datasets from large seismic 
experiments. 
The quality-controlled set of P and S pick onsets and waveform CC derived 
differential times for the Nicaragua/Costa Rica amphibious networks are being used to 
develop 3D velocity and attenuation tomographic images of the Middle America 
subduction zone. Though many phases were lost or reweighted using quality 
determination, relocation within a 1D velocity model suggests that only minor location 
changes result for well-recorded earthquakes. Comparison to tomographic images created 
using the quality weighted data versus equal weighted data, however, shows significant 
addition of unresolved velocity perturbations and greatly increased perturbation 
amplitudes with the equal weighted data. This can have substantial effect on 
interpretation of tomographic images. As larger experiments and bigger datasets become 
widely available to the community, efficient quality assessment techniques will become 





   
Initial numbers of events detected for each original dataset, the numbers of 
P and S arrivals for each dataset, and the totals for the integrated dataset.  
Experiment Number of Events 
Number of P 
arrivals 
Number of S 
arrivals 
OSA         1,479 10,834 9,942 
NICOYA 10,353 152,277 77,833 
QUE 2,158 18,501 4,228 
NICAT 1,277 9,408 7,167 
JAC 2,693 31,076 7,731 






Quality determinations assigned to manual catalog picks 
and tomoDD weighting. 
Quality Δt* (s) tomoDD Weight 
0 0 - 0.05 1 
1 0.051 – 0.1 0.75 
2 0.11 – 0.3 0.5 
3 0.31 – 0.5 0.25 
4 > 0.5 not used 
5 Picker fails not used 
   *Absolute value of differential times (Δt) in seconds 
















 OSAa Pb allcd 0.024 -0.01 1.634 0.106 
 OSA S all 0.347 -0.04 1.856 0.2 
 OSA P 0-3e -0.027 -0.004 0.152 0.054 
 OSA S 0-3 -0.068 -0.04 0.184 0.095 
 NICOYA P all -0.569 -0.025 3.242 0.142 
 NICOYA S all -0.22 -0.24 1.52 0.317 
 NICOYA P 0-3 -0.026 0 0.177 0.075 
 NICOYA S 0-3 -0.101 -0.07 0.206 0.134 
 QUE P all -0.287 -0.018 1.229 0.039 
 QUE S all -0.229 -0.214 1.343 0.215 
 QUE P 0-3 -0.053 -0.01 0.133 0.02 
 QUE S 0-3 -0.133 -0.086 0.174 0.081 
 NICAT P all -0.71 -0.194 2.372 0.267 
 NICAT S all -0.317 -0.335 1.587 0.339 
 NICAT P 0-3 -0.109 -0.046 0.174 0.054 
 NICAT S 0-3 -0.154 -0.135 0.206 0.124 
 JAC P all -0.167 -0.057 1.244 0.093 
 JAC S all -0.255 -0.295 1.462 0.278 
 JAC P 0-3 -0.096 -0.035 0.154 0.041 
 JAC S 0-3 -0.176 -0.16 0.177 0.127 
 a Experiment name 
    b Seismic phase 
     c Data included in statistics 
   d all = entire data catalog in statistics (all qualities) 
 e 0-3 = only qualities 0-3 in statistics 














2 2.67 1.5 
4 3.12 1.75 
6 3.78 2.12 
8 5.13 2.88 
12 5.22 2.93 
16 6.71 3.77 
20 6.72 3.78 
30 7.04 3.96 
35 7.53 4.23 
40 7.9 4.43 
























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































The Nicaragua/Costa Rica segment of the Middle America subduction zone 
exhibits seismogenic zone characteristics that are strongly dependent on plate structure, 
temperature, and fluid-related processes. Local earthquake tomography-derived velocity 
models aimed at characterizing lateral and down-dip variability along the megathrust of 
this erosive margin have been limited to individual onshore/offshore experiments. This 
study uses data from a quality-controlled integration of amphibious datasets from the Osa 
and Nicoya networks collected as part of CRSEIZE and the Jaco/Quepos, Nicaragua, and 
Nicaragua outer-rise networks collected as part of the SFB 574 program. We use the 
double difference local earthquake tomography approach, utilizing catalog derived 
absolute and differential times and waveform cross-correlation derived differential times. 
Results using these data show improved hypocentral locations of seismogenic zone 
earthquakes and compressional and shear velocity structure of the seismogenic zone 
extending approximately 400 km along strike from Nicaragua through central Costa Rica. 
Highest resolution occurs within the seismogenic zone. There is high variability in 
seismic structure along the length of the margin. We find that the up-dip limit of 
seismogenic zone microseismicity is variable and may be located closer to the trench in 
Nicaragua.  The down-dip interplate microseismicity occurs near the expected continental 
86#
Moho intersection with the subducting plate interface. Seismicity is sparser in the 
Nicaragua region and low velocities dominate there. All seismogenic zone seismicity 
resides in a low velocity band that parallels the top of the high velocity subducting slab. 
Comparison with recent subduction tremor and slow slip, which occurs both up-dip and 
down-dip of microseismicity, suggests that the tremor and/or slow slip may be a better 
proxy for the limit of rupture during major earthquakes than microseismicity alone.    
 
4.2. Introduction 
Historically, the largest earthquakes in the seismic record occur along subduction 
zone megathrust faults where the surface area of potential plate coupling between the 
subducting plate and overriding plate is largest. The possible moment release at any given 
subduction zone is controlled by the size of the area of rupture, which may vary along-
strike and along dip of the subduction megathrust fault. The area that is capable of 
producing these earthquakes is termed the seismogenic zone. Most large subduction zone 
earthquakes occur at depths of ~15 to 45-55 km depth (Pacheco et al. 1993; Lay et al. 
2012) but the location and size of seismogenic zones vary globally. For example, the 
shallow megathrust at <10 km depth is often considered to accommodate plate motion 
aseismically because materials along the fault have frictional properties incapable of 
brittle failure. Yet moderately sized events (M6-8) termed “tsunami earthquakes” rupture 
this shallow portion of the fault (Kanamori 1972; Newman & Okal 1998; Polet & 
Kanamori 2000; Lay & Bilek 2007) and are characterized by generating larger tsunamis 
than expected for their size, exhibiting long source durations and frequently having 
reduced high frequency radiation (Bilek & Lay 1999; Lay & Bilek 2007; Lay et al. 
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2012). Recent great earthquakes, like the 2011 M9 Tohoku-Oki event, have exhibited 
rupture all the way to the trench (e.g. Ammon et al. 2011; Lay et al. 2011; Yue & Lay 
2011; Koper et al. 2012) suggesting that for larger ruptures, the shallow megathrust may 
not act as a seismic backstop as it seems to do in smaller events (Lay et al. 2012). The 
down-dip extent of interseismic underthrusting microearthquakes was thought to be a 
good proxy for the down-dip extent of the seismogenic zone.  Recent observations have 
shown that instead of an abrupt change from seismic to aseismic conditions, there exists a 
complex transition zone where a variety of seismic phenomenon occur including slow 
slip events, tremor, and low frequency events (see reviews by Schwartz & Rokosky 2007; 
Beroza & Ide 2011; and Ide 2012). These shallow and deep seismic events have 
broadened the concept of the traditional seismogenic zone.  
With much the surface above subduction seismogenic zones sitting offshore low 
lying coastal regions, our knowledge of the extent of the seismogenic zone and where 
seismogenic zone earthquakes are generated is crucial to understanding seismic and 
tsunami hazard and mitigation.  Past global studies have attempted to constrain the 
seismogenic zone at different margins using teleseismically recorded earthquakes (e.g. 
Pacheco et al. 1993), while other seismic and geodetic studies focus on small segments of 
larger systems (e.g., Norabuena et al. 2004; Sieh 2005; DeShon et al. 2003, 2006; 
Moreno et al. 2010). Teleseismic studies can be affected by location bias and larger 
uncertainty of global catalogs (see discussion in Engdahl et al. 1998). Local studies may 
yield reduced hypocenter uncertainty, but because the updip portion of the seismogenic 
zone is usually below ocean and not land, local seismic and geodetic studies can be 
hampered by a lack of offshore instrumentation.  
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The Nicaragua/Costa Rica portion of the Middle America subduction zone is well 
suited to address which proxy datasets serve as better indicators of seismogenic zone 
geometry. First, the two peninsulas of Costa Rica (Nicoya and Osa) are situated such that 
they lie above the seismogenic zone and allow for onland instrumentation closer to the 
trench. Second, five amphibious seismic experiments have been deployed along the 
margin (from southern Nicaragua to southern Costa Rica) in the past decade (Fig. 4.1).  
Previous studies of seismic velocity, attenuation, and earthquake location along this 
margin has also shown that seismogenic zone behavior is strongly influenced by plate 
structure, temperature, and fluid-related processes (Hyndman & Wang 1993; Protti et al. 
1994; Protti et al. 1995; Hyndman et al. 1997; von Huene et al. 1995; Barckhausen et al. 
2001; Fisher et al. 2001; Protti et al. 2001; Harris & Wang 2002; Newman et al. 2002; 
Currie et al. 2002; Bilek et al. 2003; DeShon & Schwartz 2004; Ranero et al. 2005; 
Schwartz & DeShon 2007; Rychert et al. 2008; Syracuse et al. 2008; Dinc et al. 2010; 
Dinc et al. 2011; Dzierma et al. 2011). This makes Costa Rica/Nicaragua a natural 
laboratory for studying along strike variability in seismogenic zone behavior. Because of 
its complex tectonic history, the subducting lithosphere and overlying plate are highly 
variable in age, temperature, topography, and/or geologic history along this very short 
distance (Hey 1977; Langseth & Silver 1996; Meschede et al. 1998; Ranero & von 
Huene 2000; von Huene et al. 2000; Barckhausen et al. 2001; Harris & Wang 2002; 
Spinelli & Saffer 2004; Hutnak et al. 2007; Barckhausen et al. 2008), and the margin is 
one of the type locations for subduction erosion (von Huene & Scholl 1991;  Ranero & 
von Huene 2000; Vannucchi et al. 2001, 2003, 2004; Clift & Vannucchi 2004). For these 
reasons, this margin was chosen as a focus site for the NSF MARGINS Program 
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Seismogenic Zone Experiment (SEIZE) and the German SFB 574 Volatiles and Fluid 
Flux in Subduction Zone Collaborative Program to elucidate dynamic subduction zone 
processes and structure and identify primary processes controlling the rupture extent of 
large earthquakes.  
Previously, local earthquake tomography-derived velocity models aimed at 
characterizing lateral and down-dip variability along this seismogenic zone have been 
limited to individual experiments, using a variety of inversion techniques, and most 
frequently only using P traveltimes. Here we use integrated and quality controlled P and 
S arrival data from the five onshore/offshore experiments (Moore-Driskell et al. 
submitted 2012; Chapter 3, this dissertation) using the double-difference (DD) local 
earthquake tomographic technique (Zhang & Thurber 2003) to create 3D Vp and Vs 
tomography images along over a 400 km length of the subduction zone.  The DD 
tomography method provides high-resolution earthquake locations in addition to 
compressional and shear 3-dimensional velocity models.  The use of differential times in 
addition to catalog arrivals in the inversion provides improved near-source velocity 
resolution and relative earthquake locations.  This allows us to compare and contrast 
along strike changes in subduction zone velocity structure and characterize how these 
properties relate to available geological, geochemical, and geophysical datasets. We 
provide a revised high precision hypocenter catalog that allows determination of a new 
estimate of shallow plate interface geometry, and we compare the up- and down-dip 
limits of this microseismicity to thermal and geodetic models and, local to the Nicoya 
Peninsula, observations of slow slip and tremor.  
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4.3 Tectonic Setting 
The Nicaragua-Costa Rica section of the Middle America subduction zone is part 
of the 1100 km long subduction system that stretches from Mexico to Panama. Offshore 
the west coast of Costa Rica and Nicaragua, the oceanic Cocos plate subducts beneath the 
continental Caribbean plate at the Middle America Trench (MAT) at a convergence rate 
of ~85 mm/year, with an oblique component of 10° counter-clockwise from the MAT 
(DeMets 2001). Morphologically, the incoming oceanic plate is divided into three 
sections, the smooth East Pacific Rise (EPR) generated crust segment that stretches from 
northern Costa Rica through Nicaragua, the seamount dominated Cocos-Nazca spreading 
center (CNS) segment, and Cocos Ridge segment (von Huene et al. 1995, 2004).  The 
EPR segment comprises crust subducting beneath northern Costa Rica to Nicaragua that 
is smooth and older  (~19-24 Ma) and was generated at the fast spreading EPR. 
Additionally there is a smooth 80 km wide triangular piece of crust of CNS origin whose 
suture (Fisher et al., 2003) with the EPR crust is located at approximately the middle of 
the Nicoya peninsula. The smooth CNS crust was made before the spreading center 
underwent a ridge jump about 19 Ma. Crust made before this ridge jump is referred to as 
CNS-1 crust and after, CNS-2 (Fig. 4.1). Beneath central and southern Costa Rica, 
subduction of the topographically rough CNS-2 Seamount Segment and the thick, young 
(~14-19 Ma) oceanic Cocos Ridge (von Huene et al. 2000) erodes the forearc and uplifts 
the Osa Peninsula, respectively.  Oceanic crustal thickness varies from ~19-21 km thick 
along the ridge (Walther 2003; Sallarès et al. 2001) to 6-8 km in the seamount segments 
(Ye et al. 1996; Walther 2003) and 5-7 km offshore the Nicoya Peninsula and Nicaragua 




















































































Figure 4.1: A) Geographical setting and station distribution of the five arrays integrated 
and utilized in this tomography study of southern Nicaragua and Costa Rica. Stations are 
shown as colored triangles and consisted of land and ocean-bottom instruments. The 
Cocos plate, which is subducting at the Middle America Trench, was created at the East 
Pacific Rise (EPR) and the Cocos-Nazca Spreading Center (CNS). These tectonic 
boundaries are shown on the seafloor with dashed lines. The gray circles show the 
seismicity recorded by the five experiments. The yellow stars indicate the locations of 
two recent large events occurring during the deployments and focal mechanisms are 
given.  B) High quality subset of 4,559 events used in the inversion color coded by depth. 
Lines A-F show the locations of the tomographic cross sections shown in this paper.  C) 
Tomographic inversion grid superimposed onto a map of the study area. Crosses (+) 
represent the inversion grid nodes. The grid is variable to compensate for higher sampled 
areas. Smallest spacing is 20 x 20 km. On the cross section of the tomographic images, X 
is the distance along strike in km’s. Y is the distance along the grid perpendicular to the 
trench (or X) in km’s. The grid is rotated 48 degrees from north. Some X and Y markers 
are labeled for orientation. Hexagons near the trench represent the starting locations of 




volcanism inboard of Cocos Ridge subduction and a major change in arc geometry and 
geochemistry occurring from Costa Rica into Nicaragua (i.e., Hoernle et al. 2008).  
The Nicaragua/Costa Rican margin has been characterized as an erosive 
subduction zone (Ranero & von Huene 2000; von Huene et al. 2000; Vannucchi et al. 
2001).  Subduction erosion is defined as the mass removal and movement of upper plate 
material to subcrustal or mantle depths, and the results of erosion are extension and 
subsidence of the forearc (Vannucchi et al. 2001, 2003). A long history of seismic 
reflection and refraction studies provide constraints on the structure of the crust and the 
dip of the subducting slab (e.g. Shipley et al. 1992; Ye et al. 1996; Stavenhagen et al. 
1998; Christeson et al. 1999; Sallarès et al. 1999, 2000, 2001; Ranero & von Huene 
2000, Ranero et al 2003; van Avendonk et al. 2010). From north to south the slab 
exhibits an appreciable trend of decreasing dip shown through seismicity (Protti et al. 
1995). There is a distinct bend in the slab near the Nicaragua-Costa Rica border where 
dip changes from approximately 84˚ to 60˚. This abrupt change may be related to the age 
of the incoming plate; the younger CNS crust is warmer and thus more buoyant (von 
Huene et al. 2000) or the variable topography of the ocean crust (Protti et al. 1995). 
Seismic refection surveys of the EPR-generated Cocos plate show pervasive trench-ward 
dipping faults in the outer rise that penetrate to as deep as 20 km (Ranero et al. 2003; 
Grevemeyer et al. 2007) caused by the bending related to the steeply dipping slab 
beneath Nicaragua.  It is suggested that these faults provide pathways for intense 
hydration of the crust and upper mantle (Rüpke et al. 2002; Ranero et al. 2003; 
Grevemeyer et al. 2007; Ivandic et al. 2008).  
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EPR crust that is subducting beneath Nicaragua and northern Costa Rica has an 
age of approximately 20-25 Ma. A conductive cooling estimate for a plate of this age is 
~100 mW m-2 (Stein & Stein 1992). Recent heat flow measurements indicate that this 
area is significantly cooler than predicted with a heat flow of 20-40 mW m2 (Fisher et al. 
2003; Hutnak et al. 2007). This lower heat flow has been contributed to intense 
hydrothermal circulation facilitated by seamounts (Fisher et al. 2003; Hutnak et al. 
2007). CNS generated crust is significantly warmer at 105-115 mW m2 (Fisher et al. 
2001; Hutnak et al. 2007) with a rather abrupt transition over as little as a few kilometers 
of strike-parallel distance (Fisher et al. 2001). CNS heat flow is on par with predicted 
heat flow for its age.  
Costa Rica and Nicaragua exhibit high seismic activity rates along the subduction 
seismogenic zone and most of these events are moderate magnitude (M6-8). Historical 
records are lacking in this area, but there are documents as far back as 150 years ago that 
describe tsunamigenic earthquakes and their destruction in Costa Rica. In 1992 a major 
tsunami earthquake occurred offshore Nicaragua. Some of the largest earthquakes in this 
area include the 1853 (> 7.5), 1900 (> 7.5), 1950 Mw 7.7, and 2012 Mw 7.6 Nicoya 
peninsula earthquakes, with a ~50 year recurrence interval. In 1978 an Mw 7.0 earthquake 
ruptured a portion of the seismogenic zone within the aftershock area of the 1950 
earthquake. Until the 5 September 2012 Nicoya earthquake occurred, the peninsula was 
considered a seismic gap (Protti et al. 1995) with the latest megathrust coupling 
measurements indicating the potential for an Mw 7.8 event (Feng et al. 2012).  Central 
and southern Costa Rica have a long history of smaller events, including the 1983 Osa 
Mw 7.3, 1999 Gulf of Nicoya Mw 7.0, and the 1999 Quepos Mw 6.9 event.  The presence 
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of seamount and other seafloor topography exhibit some control on the magnitude of 
earthquake rupture (von Huene et al. 1995; Protti et al. 1996; Bilek et al. 2003; DeShon 
et al. 2006).  
The Ms 7.2 1992 Nicaragua tsunami earthquake occurred on September 2, 
generating a large tsunami that devastated the coast of Nicaragua. This shallow 
underthrusting event exhibited unusual properties: much smaller stress drop than average 
subduction zone earthquakes, slow rupture propagation, a smooth rupture with no 
subevents, and a relatively long duration time (Kanamori & Kikuchi 1993; Velasco et al. 
1994; Kikuchi & Kanamori 1995; Bilek & Lay 1999). Kanamori & Kikuchi (1993) 
suggest that at this erosional margin, an absence of sediments at the trench allowed the 
rupture to propagate all the way updip and led to the large tsunami. Additionally, 
propagation of the rupture through soft subducted sediments caused the extended 
duration of the event. Other subduction earthquakes include the 2004 M 7.0 and 2005 M 
6.6.  
Intraplate events in the upper and lower plate also contribute to the overall 
seismic hazard of Nicaragua and Costa Rica.  The destructive 1972 Managua event was a 
relatively low magnitude, Mw 6.2, but the shallow focus led to significant damage that 
killed between 3,000-7,000 people and injured some 15,000 others (earthquake.usgs.gov, 
last accessed 2012). This area has a history of earthquakes including 1931 M 6.0 and 
1951 M 5.8. Nicaragua, and northern Costa Rica also have a record of outer rise faulting 
events from the bending of the steeply dipping slab (Ranero et al. 2003; Grevemeyer et 




 Five amphibious networks were deployed along the Nicaragua/Costa Rica margin 
between 1999 and 2006 (Fig. 4.1).  We use data from the Costa Rica SEIsmogenic Zone 
Experiment (CRSEIZE), a two-stage amphibious deployment began in September of 
1999 jointly overseen by the University of California-Santa Cruz, the Observatorio 
Vulcanológico y Sismológico de Costa Rica (OVSICORI), and Scripps Institution of 
Oceanography (SIO), and data from the German SFB 574 project, operated by Christian 
Albrechts University of Kiel and the former Leibniz Institute of Marine Sciences at the 
University of Kiel (IFM-GEOMAR).  Each experiment used different sensors, database 
archive methods, automatic and manual onset identification techniques, and differing 
inversion approaches. Our study combines these datasets, quality controls the data, and 
inverts the data together with one local earthquake tomography technique (tomoDD2, 
Zhang & Thurber 2003).  
The CRSEIZE experiments used 3-component broadband and short-period 
seismic land arrays and 3-component broadband ocean bottom seismometers (OBS) (Fig. 
4.1A). The OSA array was deployed in mid-September 1999 just to the north of the Osa 
Peninsula and recorded two months of aftershocks from the MW 6.9 1999 Quepos 
earthquake at 6 land seismometers and 14 OBS (DeShon et al. 2003).  In December 1999 
these stations were redeployed as the NICOYA array on and near the Nicoya Peninsula 
(Newman et al. 2002; DeShon et al. 2006). Fourteen additional land seismometers were 
added.  All of the CRSEIZE land data were continuously recorded at 40 Hz. The OBS 
data were sampled at 64 or 128 Hz. The number of events recorded during these 
experiments is 11,832. 
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The SFB experiments consisted of OBS, ocean bottom hydrophones (OBH), and 
temporary short-period land stations (Fig. 4.1A). The JAC array recorded during 2002 
(Arroyo et al. 2009) and was then moved south in 2003 to become the QUE array (Dinc 
et al. 2010). Each array consisted of 23 offshore stations (~10 3-component OBS and ~13 
single-component OBH) and 13 3-component short-period land stations. The Nicaragua 
amphibious array (NICAT) was deployed in December 2005 through June 2006 and 
consisted of 20 3-component OBS and 30 land stations (Dinc et al. 2011). The JAC and 
NICAT arrays recorded at a sampling frequency of 100 Hz. The QUE array was recorded 
at 50 Hz. The total number of events recorded by these three experiments is 6,128. 
Tens of analysts were involved in processing the five datasets and hand picking P 
and S onsets.  “Certainty” of a pick is highly subjective. As a result, there has been no 
standardized procedure for quantifying pick quality that can be used to properly weight 
data in the inversion.  Thus we decided that integrating the five datasets required 
evaluation of the quality of each arrival pick using an automated, standardized measure. 
All five datasets were processed through an automated arrival detection and picking 
algorithm based on the wavelet transform and Akaike information criterion (AIC) 
(Akaike 1973) picker to determine the quality of each pick as described in Chapter 3 
(Moore-Driskell et al. submitted 2012). The wavelet-AIC picker uses arrival information 
over various scales to assign the location of a phase arrival. We compared this automated 
pick to the analyst pick to assign a quality that will later be used in the inversion scheme. 
These qualities are consistent throughout the five datasets as opposed to having personal 
“certainty” assigned to each pick by each analyst.  
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It is shown in Chapter 3 (Moore-Driskell et al. submitted 2012) that this step was 
important in the tomographic inversion with these data. For the best results and least 
contamination from the poorer data, the tomographic code uses a weighting scheme to 
up-weight the most certain picks and down-weights the least. The poorest data, i.e. the 
lowest quality, as assigned by the automatic picker, were excluded from further use. 
Approximately 52% of the original P arrival times in the integrated dataset and 54% of 
the original S times have been classified as high quality picks to be used in the 
tomography. Tests were preformed to quantify the effect of using all of the data versus an 
optimized, high quality subset of data. Both earthquake relocation and seismic velocity 
tomography results suggest that by limiting the dataset to only verified, high confidence 
arrival picks and by removing picks that may be inaccurate, the solutions are more 
realistic and reliable. In short, the original data introduce high amplitude anomalies in 
places where we do not have resolution, or in areas where there is sparse to no ray path 
coverage. Detailed results are documented in Chapter 3 (Moore-Driskell et al. submitted 
2012) and only tomography images derived using the high quality, properly weighted 
data are shown here.   
 Additionally, the final dataset used in the tomographic inversion was reduced on 
the basis of dataset statistics and response to relocation through a minimum 1D model. 
First, each event must record at least 8 P arrivals and 6 S arrivals. We elected to use only 
events with the greatest azimuthal separation between P arrivals (GAP) of <280º for 
NICAT and NICOYA and  <180º for the OSA, JAC, QUE arrays. Using a GAP of 180º 
is standard in local earthquake tomography (Eberhart-Phillips 1986).  The 280º GAP 
cutoff was assigned to NICAT because this data set was relatively small but provided 
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unique constraints on the major tectonic transition between Nicaragua and Costa Rica. 
Similarly, the GAP constraint was relaxed for NICOYA because the dataset was 
relatively high quality, with more land stations, and including outside network events 
provided important raypath coverage between seismic networks.  
As an additional quality control, all earthquakes were relocated using the 
algorithm VELEST (Kissling et al. 1995) to ascertain initial quality of the earthquake 
location. Each experiment was relocated separately. After the VELEST relocation, 
statistics of the earthquake movement were analyzed for each experiment. We focused 
special attention on any large movements of initial hypocenter locations. Dramatic 
changes in earthquake location suggest that the event may have been poorly located 
originally. This is usually due to an insufficient amount of data. Any event whose 
relocation moved more than the standard deviation for that particular experiment was 
excluded from the event list. Original CRSEIZE and SFB catalog locations were used in 
the DD inversion, not the relocations from VELEST.  
Lastly, we compared the raypath coverage and density for each experiment to 
avoid oversampling in any one area of the subduction zone. Since NICOYA recorded 
data for a longer period of time than the other four experiments, this dataset was much 
larger. We declustered the data left from the above quality control measures to eliminate 
events. Each event was compared to every other event within a 2.5 km radius. The event 
with the greatest number of arrivals is kept in the catalog. After applying these criteria, 
the integrated dataset consisted of 4,559 events (Fig. 4.1B) with 216 stations reporting 
35,608 catalog P times and 19,779 catalog S times.  
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We used the events and arrivals described to obtain three sets of input data for the 
DD tomography code (Zhang & Thurber 2003): P and S catalog-derived differential 
times, P and S cross-correlation derived differential times, and P and S absolute arrival 
times. Differential times, the time difference between phases reported at common stations 
for pairs of earthquakes, can be calculated directly from catalog data or via waveform 
cross-correlation (CC) (Waldhauser & Ellsworth 2000; Zhang & Thurber 2003). Our 
catalog-derived differential times are calculated from the original analyst-picked phase 
arrivals; absolute arrival times are also taken from the original catalogs. The cross-
correlation derived differential times are computed directly via the bispectrum-based 
cross-correlation (BCC) program (BCSEIS) (Du et al. 2004). Additional information on 
the cross-correlation process is given in Chapter 3 (Moore-Driskell et al. submitted 
2012). The following P (S) data was used in the inversion: 19,559 (9,433) CC differential 
times, 127,599 (64,195) catalog-derived differential times, and 35,608 (19,779) absolute 
arrival times. 
 
4.5 Method  
When using phase arrival times in geophysical studies like tomographic inversion, 
the ability to accurately model velocity structure can be jeopardized by array geometry, 
noise, and picking errors. Significant improvements have been made in relocation 
accuracy by implementing techniques like waveform CC (Poupinet et al. 1984; Fréchet 
1985; Ito 1985; VanDecar & Crosson 1990; Got et al. 1994; Rubin et al. 1999; 
Waldhauser et al. 1999; Waldhauser & Ellsworth 2000; Rowe et al. 2002; Schaff et al. 
2002; Waldhauser et al. 2004; Shearer et al. 2005), clustering, and double-difference 
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(Waldhauser & Ellsworth 2000; Zhang & Thurber 2003). We use the DD tomography 
algorithm tomoDD2 (Zhang & Thurber 2003) to jointly solve for hypocentral locations 
and 3D velocity structure in our study region. By using differential times of two events to 
a station, DD relocation can calculate higher accuracy relative locations. This algorithm 
works on the assumption that for two closely spaced events, seismic rays will travel to a 
station along similar paths, thus sampling the same velocity space. By differencing their 
travel times, the element of unknown structure along the path is reduced and relative 
event locations are determined with high accuracy (e.g. Waldhauser & Ellsworth 2000; 
Lin & Shearer 2005). This technique minimizes both the residuals between the observed 
and calculated differential arrival times for the closely spaced event pairs as well as the 
residuals of absolute times.  
The DD technique solves the non-linear inverse problem using an iterative 
damped least squares approach (LSQR) (Paige & Saunders 1982). The three sets of input 
times are iteratively reweighted following the hierarchical weighting scheme described in 
Waldhauser & Ellsworth (2000) and Zhang & Thurber (2003) (Table 4.2).  We use an 
alternating joint velocity/location iteration followed by a location only iteration (Table 
4.2), following Zhang & Thurber (2003). We solve the inverse problem repeatedly with 
varying damping (Parker 1994) and use trade-off curves to decide optimal damping 
parameters. The most desirable damping value is that which significantly reduces the data 
variance while also reducing the model variance. Final damping values are shown in 
Table 4.2.  
Since the data are not evenly distributed throughout the model space, inversion 
node spacing is adjusted to reduce unevenness in the number of ray paths sampling each 
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node. Velocity between nodes is calculated via trilinear interpolation.  We calculate a 
coarse model with a horizontal node spacing of 20 x 20 km. At the edges of the model 
space the node spacing in increased to 40 x 40 km to compensate for fewer raypaths. The 
inversion grid is shown in Fig. 4.1C.  At depth, node spacing varies from 5 km to 45 km 
(Table 4.1). The inversion grid is rotated 48º clockwise from north such that the X axis of 
the grid parallels trench strike and the Y axis is perpendicular to trench.  
The use of a “minimum 1D velocity model” (the 1D model that best reduces the 
residuals) decreases the chance of introducing artifacts into a final velocity model when 
using local earthquake tomography approaches (e.g. Kissling et al. 1994).  For Costa 
Rica/Nicaragua, each amphibious network and some of the country-wide networks have 
associated minimum 1D models calculated during previous studies. These models largely 
reflect velocity under the reference station and have shallow velocities consistent with 
either a land or ocean environment. We take a starting 1D velocity model developed for 
Costa Rica by Quintero & Kissling (2001) and modify it to have thinner crust more 
appropriate to the larger number of OBS in our study (Table 4.1). Because we are 
working in a subduction zone, we also test starting the inversion from a 3D model.  The 
3D model is equivalent to the 1D model plus a slab structure developed for Costa 
Rica/Nicaragua by Syracuse et al. (2008). Slab dip changes significantly along the strike 
of the margin, and this change in dip is incorporated into the 3D model. For both 1D and 
3D models, S velocities are calculated using a Vp/Vs ratio of 1.78, which is consistent 
with previously reported Vp/Vs ratios in Costa Rica (Protti et al. 1995b; Quintero & 
Güendel 2000; DeShon et al. 2003). In experimenting with starting with a minimum 1D 
model versus a 3D model, we find that the solutions derived using the 1D model had 
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reduced residuals. Starting with the 3D model also shifted all earthquake locations 
shallower in depth.  The locations derived from the 1D starting model were more 
consistent with other high-resolution hypocenter catalogs in the region (DeShon et al. 
2006).  
We also tested whether starting the inversion with a location-only iteration versus 
starting with a joint location/velocity iteration significantly affected the resulting model 
and hypocenter solutions. Statistics on earthquake and model/data variances indicated 
that beginning with the joint hypocenter/velocity iteration resulted in lower overall model 
and data variances. Husen et al. (2003) also tested the inversion sensitivity to type of 
starting iteration and found that starting the iterations with a velocity inversion and 
earthquakes relocated through a minimum 1D model resulted in less systematic shifts in 
hypocenter locations due to near surface heterogeneities and large scale velocity 
heterogeneities such as a fast dipping slab structure. Husen et al. (2003) fixed the 
hypocenter locations during the first iteration, however, and only inverted for velocity. 
With tomoDD2, velocity and location are jointly inverted. Therefore, while our 
conclusions are similar, the tests are not exactly identical. We also tested a joint 
relocation/velocity inversion starting with a catalog of events that were first relocated 
through minimum 1D velocity model rather than the original catalog locations. We found 
that changes in hypocenter locations and models relative to starting with our initial 
catalogs were within the expected noise level of the data.   
We also explore resolution by looking at the derivative weighted sum (DWS) of 
the inversion grid. DWS supplies more information than hit count measurements in that it 
calculates the total weighted ray length in a cell (Husen et al. 2000). This is only an 
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estimate of resolution because it measures ray density, but not direction from which the 
ray travels. Typically high ray density is associated with good resolution, but we must 
also consider ray direction (Husen et al. 2000). Since resolution estimates are highly 
dependent on the model parameterization and damping, the above synthetic tests are 
crucial to determining areas of good and poor resolution (Husen et al. 2004). Within the 
inversion scheme, nodes with DWS values less than a user defined threshold are held 
fixed. Here, we set the DWS threshold to 10% of the mean of the non-zero DWS values 
for each iteration. The DWS values shown in Fig. 4.2 are taken from the last iteration 
where the cross-correlation data have been up-weighted. We estimate especially good 
resolution in the areas of high DWS (black areas in Fig. 4.2).  
 
4.6 Resolution 
 Multiple methods exist to estimate inversion resolution and identify artifacts (e.g. 
Humphreys & Clayton 1988; Zelt 1998; Zhao et al. 1992; Husen et al. 2000). Usually 
artifacts are a result of poor raypath coverage, i.e. low density of ray paths within a block, 
or skewed distribution of ray paths (adequate number of ray paths but all coming from 
one direction). We pay particular attention to the edges of each experiment since this is a 
study done with integrated datasets instead of individual networks. Overlapping areas or 
areas between the networks may exhibit lower resolution and/or false subsurface 
structure.   
In addition to testing solution sensitivity to the starting model, starting catalog, 
and iteration order describe above, we also calculated a range of checkerboard and 




Figure 4.2: Derived weighted sum (DWS) values at the cross sections along strike shown 
in Fig. 4.1. The values shown were taken from the last iteration of the inversion. Black to 
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linear and complex nature of the weighted inversion, a traditional resolution matrix is not 
calculated in tomoDD2.  Checkerboard tests are used to investigate the vertical and 
horizontal resolution of small-scale features in our output images and characteristic 
model tests (Haslinger et al. 1999) are used to investigate the spatial resolution of the 
data set. For all cases, theoretical travel times are calculated from source to receiver 
through a synthetic model using the same traveltime calculator provided with tomoDD2. 
Gaussian noise is added with a standard deviation proportional to the noise seen in the 
real dataset, 0.05 s to 0.49 s. The synthetic times serve as the input and inversion 
parameters are held fixed to those used with the real data, with a goal of trying to recover 
the starting synthetic model. 
 
4.6.1 Checkerboard Tests 
 Checkerboard tests alternate high and low velocities between blocks (Fig. 4.3A). 
The order of magnitude change in each block is +/- 15% from the original velocity of the 
starting 1D model (Table 4.1). Between the horizontal and vertical slices of 
checkerboard, the blocks are left unperturbed from the starting model to detect areas of 
horizontal smearing. Recall when examining the checkerboard results that the size of the 
grid is not constant with depth but becomes larger with depth to accommodate areas with 
lower ray path density.  
The recovery of the model (Fig. 4.3B) is very good for most of our study area, 
particularly between cross sections X = -80 km and to the southernmost point of the grid. 
North of these at X = -120 km, the recovery amplitude decreases to ~5% of the original 
value.to essentially no recovery at the cross section at X = -200 km. Some horizontal  
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Figure 4.3: Quality assessment of solutions using synthetic checkerboard model tests. A) 
Input checkerboard model using a trilinear interpolation of +/- 15% anomaly from the 1D 
starting model. Checkerboard was inserted every other node to test for horizontal 
smearing. Crosses show the node locations. B) Vp Recovery at various vertical cross 
sections along the margin relative to the 1D starting model. Recovered cross sections are 
either at or as close as possible to the tomographic cross section indicated. C) Vs 
recovery relative to the 1D starting model.  
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smearing can be seen in the unperturbed cross-section blocks. S wave recovery (Fig. 
4.3C) is lower than the P wave recovery but is still good from X = -40 to 80 km. The 
recovery suffers south of the cross section at 80 km because the JAC and QUE arrays 
were primarily offshore hydrophones, and hence no S data exists.   
 
4.6.2 Characteristic Models 
We test three characteristic models.  Each contains a slab feature with a low 
velocity zone (LVZ) paralleling the top of the slab because this is a prevalent feature in 
our real solution. The first model contains velocity perturbations equivalent to real 
geological anomalies seen in our study area, e.g. the magnitude of the velocity anomaly 
of the cold, dense subducting slab, and is hereafter referred to as the NORM model (Fig. 
4.4).  For the slab, a +10% anomaly from the starting 1D model is implemented. The 
LVZ was given a -10% anomaly. The second model uses values like the above but 
reverses the polarity of the anomalies, i.e. a slab has slow anomalies and LZV has fast 
anomalies, and is hereafter the OPP model (Fig. 4.5). The third characteristic model 
mimics the normal polarity model but amplifies the anomalies of the LVZ to -20% (Fig. 
4.6). Results are almost identical to the NORM results. 
Figs. 4.4 and 4.5 show the results for the NORM and OPP model, respectively. In 
both figures, panel A shows the original synthetic model in percent deviation from the 
shallower than the seismogenic zone earthquakes (~15-20 km depth) the low velocity 
anomalies are not recovered. In the vicinity of the seismogenic zone earthquakes there is 
~70-100% recovery depending on the cross section, but deeper than this there is only 




Figure 4.4: Synthetic characteristic model tests to assess solution quality. Earthquake 
locations (black circles) and station configurations are the same as in the real inversion. 
A) Synthetic model used to calculate synthetic traveltimes. The model implements a high 
velocity slab feature 10% faster than the 1D starting model and a low velocity zone 
paralleling the top of the slab that is 10% slower than the 1D starting model. B) 
Recovered model after the inversion using the synthetic times. Recovered model is 
relative to the 1D starting test model. C) Difference between the starting model and the 
recovered model in percent change (%).  
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Figure 4.5: Synthetic characteristic model implementing opposite velocity anomalies. 
Earthquake locations (black circles) and station configurations are the same as in the real 
inversion. A) Synthetic model used to calculate synthetic traveltimes. The model 
implements a low velocity slab feature 10% slower than the 1D starting model and a high 
velocity zone paralleling the top of the slab that is 10% faster than the 1D starting model. 
B) Recovered model after the inversion using the synthetic times. Recovered model is 
relative to the 1D starting test model. C) Difference between the starting model and the 
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Figure 4.6: Synthetic characteristic model implementing exaggerated anomalies. 
Earthquake locations (black circles) and station configurations are the same as in the real 
inversion. A) Synthetic model used to calculate synthetic traveltimes. The model 
implements a high velocity slab feature 20% faster than the 1D starting model and a low 
velocity zone paralleling the top of the slab that is 20% slower than the 1D starting 
model. B) Recovered model after the inversion using the synthetic times. Recovered 
model is relative to the 1D starting test model. C) Difference between the starting model 
and the recovered model in percent change (%).  
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well as in other studies (e.g. Arroyo et al. 2009). Since it was recovered only at 50%, the 
LVZ anomaly could be twice as strong as imaged by the real data.  
For the OPP model, the low velocity slab feature is not as well recovered as the 
fast slab. There are no cross sections (CX) where the slab is recovered at 100%. Recovery 
is about 80% for cross section C (CX C) in 5B but diminishes to 50% or less for the other 
cross sections. The high velocity zone (HVZ) above the slab is well recovered in at all 
cross sections, with 100% recovery in some areas of the HVZ near the bulk of the 
seismicity (CX C, D, and E). Like the NORM model, there is no recovery of the synthetic 
model seaward of the trench.  
 
4.7 Inversion Results 
The integrated dataset was inverted as described above. The inversion scheme 
reduced the catalog residuals from 1.41 to 0.12 s and the cross-correlation residuals from 
0.40 to 0.02 s. Residual reductions for each iteration are shown in Table 4.3. The 
tomography results are presented as vertical cross sections oriented perpendicular to the 
strike of the subducting plate and organized from north to south (Fig. 4.7) and as slices 
through constant depth (Fig. 4.8). P and S velocity models are shown as perturbations 
relative to the 1D starting model and absolute Vp/Vs. Areas of low resolution that should 
not be interpreted are masked in gray. Absolute P velocity is shown in Fig. 4.9 with 






 We confirm a number of general features of seismicity reported previously for the 
region.  We define the top of the slab using the shallow (<30 km) depth events that form 
a dipping, linear structure and below 30 km we define the slab to include the Wadati 
Benioff Zone (WBZ).  The slab dip transitions from steeply dipping in the north to a 
more shallow dip to the south and the depth extent of the WBZ seismicity also decreases 
southward (e.g., Protti et al. 1995). In southern Nicaragua and northern Costa Rica 
seismicity reaches a maximum depth of ~150 km, then gradually shallows to ~100 km in 
southern Costa Rica.  We also find an offset in the up dip limit of seismicity across the 
EPR/CNS-1 suture (between CX C and D) (Newman et al. 2002; DeShon et al. 2006). 
Seismicity becomes more scattered and complex in southern Costa Rica, possibly due to 
the subduction of CNS-2 crust with the thick Cocos Ridge.  The 1999 Quepos aftershock 
sequence, recorded by the OSA network, includes seismicity along the plate interface and 
within the oceanic plate (CX F) (DeShon et al. 2003; Dinc et al. 2010).  
We interpret seismogenic zone earthquakes as those events forming slab parallel 
linear clusters at <30 km depth (Fig. 4.8). We verify our interpretation of seismogenic 
zone events and slab geometry with the NEIC PDE catalog, Global CMT catalog, and the 
Slab1.0 model (Hayes & Wald 2012).  In the northern part of the study area the up-dip 
seismicity begins at about 10 km and the down-dip limit is at ~30 km depth. South of the 
Nicoya peninsula the up-dip limit is similar to the north but the down-dip limit shallows 
to approximately 20 km depth (Fig. 4.9, CX D-E). Fig. 4.9b visually documents these 
depths on our six tomographic cross sections. Depth of the Moho intersection with the 
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Figure 4.7: Vertical cross sections of tomographic results. Cross section locations are 
shown in Fig. 4.1. Final earthquake relocations are shown with black circles. Areas that 
are grayed out represent sections of the model that have low DWS values (see Fig. 4.2). 
“hc” shows the location of a high conductivity region. a) 3D P wave velocity structure as 
percentage change from the 1D starting model. b) S wave velocity structure relative to 









Figure 4.8: Tomographic results of P wave velocity structure shown at different depths. 
Images show velocity perturbations relative to the 1D starting model. “x” represent the 
inversion grid (see Fig. 4.1 for location). The X direction is roughly along strike of the 
trench. Y is perpendicular to the trench. The black circles represent the relocated 
earthquakes. The coastline and trench are plotted for orientation. North arrow is shown 
on each map. A) 20 km depth. Seismogenic earthquakes reside in low Vp anomaly above 
the slab. B) 25 km depth, seismogenic zone. C) 60 km depth, intraplate earthquakes 
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wedge, aseismic materials such as serpentine are present. This material exhibits stable 
sliding behavior and thus underthrusting earthquakes cease (Hyndman et al. 1997; 
Peacock & Hyndman 1999; Oleskevish et al. 1999). In this study the down-dip depth of 
the seismogenic zone seems to be fairly consistent with the down-dip limit defined by the 
7.0 km/s contour. Small patches of low Vp and high Vp/Vs at the down-dip edge of the 
seismogenic zone may confirm serpentine in the mantle of the overriding plate below the 
Moho intersection with the slab (Fig, 4.7, panel C).  
There are some interesting patterns of seismicity that arise in some of the cross-
sections. CX F shows a double seismic zone with a very sharp lower zone of seismicity 
with no earthquakes below (green and yellow lines on Fig. 4.7, panel A). CX E may also 
have this feature, but there are too few lower earthquakes to distinguish this for certain. 
CX E exhibits an interesting seismogenic zone/crustal fault pattern also documented in 
Dinc et al. (2010); there is a distinct seismogenic zone of earthquakes and an orthogonal 
cluster of crustal earthquakes (Fig. 4.9, CX F). 
 
4.7.2 Tomographic Images 
By integrating the data from the five Nicaragua/Costa Rica experiments we now 
have continuous tomographic images along the entire margin from southern Nicaragua to 
southern Costa Rica. Previously, images have been limited to local studies utilizing one 
array or lower resolution, country-wide images using only land stations. With individual 
local studies, it becomes hard to compare images because each begins from a different 
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Figure 4.9: Absolute P and S wave velocity values (km/s) and a summary of seismicity 
and tectonic interpretation. Cross section locations are shown in Fig. 4.1. A) Absolute Vp 
(km/s) with an interpretation of the Cocos crust and Caribbean Moho locations as 
inferred by the seismicity and seismic velocities. Relocated earthquakes are shown as 
white circles. Contours for 6.0 km/s and 7.0 km/s are shown with black lines and are 
labeled. 7.0 km/s is used as a proxy for Moho location (DeShon et al., 2006). B) Absolute 
Vs (km/s) with an interpretation of the Cocos crust and Caribbean Moho locations as 
inferred by the seismicity and seismic velocities. Relocated earthquakes are shown as 
white circles. C) Summary of seismicity for each cross section. Small red circles 
represent final earthquake locations. Gray circles show EHB catalog events. Dashed line 
estimates the Moho location as determined from past studies (Quintero & Kissling, 2001; 
Sallares et al., 2001; DeShon & Schwartz, 2004; Mackenzie et al., 2008, 2010). Up-dip 
limit is marked by a blue line. Down-dip limit is shown in green. Up- and down-dip 
limits are found by making histograms of all the megathrust earthquakes that lie +/- 5 km 
from the plate interface. 
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this study we have images along every ~20 km of the margin from one joint inversion 
allowing us to investigate how the subduction zone features change along strike.  
Here we focus on six cross sections (CX A-F), each representative of a major 
change in the broad characteristics along the margin. We begin in the north with cross 
section A (Fig. 4.7). Most cross sections show a dipping positive P and S wave velocity 
interpreted as the top of the cold, dense subducting Cocos plate.  The exception is in the 
very north of our study area, around cross section A, where the slab feature is more 
ambiguous. This cross section, along with cross section B, are dominated with low P 
wave velocities and low Vp/Vs in the seismogenic zone (Fig. 4.7, CX A). Resolution is 
lower here. Here and continuing into cross section B there is a low velocity layer beneath 
the slab structure that is associated with a high Vp/Vs (Fig. 4.7, i). This combination 
could suggest serpentinization of the oceanic mantle. Another high patch of Vp/Vs begins 
above the slab at the downdip edge of the seismicity (Fig. 4.7, ii). The high Vp/Vs seems 
to also extend diagonally at ~50° up from the top of the slab towards the volcanic arc 
region, though this is an area of lower resolution. The mantle wedge is dominated with 
high Vp/Vs in Nicaragua. Syracuse et al. (2008) characterize Nicaragua as having a 
hydrated slab and a hot mantle wedge with melt present beneath the volcanic arc. Their 
tomography images a sheet of high Vp/Vs coming from the top of the slab towards the 
volcanic arc. They suggest the high Vp/Vs may indicate the presence of fluids or melts. 
A more traditionally fast slab structure develops abruptly about 20 km north of 
CX B and is imaged to a depth of ~150 km. CX B lies at the geographic boundary 
between Nicaragua and Costa Rica, where major transitions in upper plate structure and 
in the volcanic arc occur. Just south of CX B is the transition from low velocity 
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domination of the cross section to a more traditional fast slab and oceanic mantle and 
slow mantle wedge cross sections. This transition corresponds to the Santa Elena Suture 
that separates the southern Chortis block of accreted arc origin from the oceanic 
Chorotega block, an amalgamation of Guerrero-Caribbean arc overridden by the 
Galapagos hotspot (Mann et al. 2007). Seismicity within the seismogenic zone is more 
continuous with some crustal activity and shallow events located towards the trench. The 
seismogenic zone earthquakes are correlated with a band of low Vp and Vs of 
approximately +5% anomaly that sits just above the fast slab feature. Husen et al. (2003) 
image this low velocity paralleling the Cocos slab, but only in the smooth EPR segment 
of northern Costa Rica. In this study the low velocity above the high velocity slab feature 
is prominent in almost all of the cross sections. Arroyo et al. (2009) also image the low 
velocity zone in central Costa Rica. The low velocity layer corresponds to low Vp/Vs 
values. At seismogenic zone depths (e.g. ~20 km) the absolute P velocities of this low 
velocity region are between 5.2-6.0 km/s. Here there is also an area of low Vp and high 
Vp/Vs below the slab, which may be indicative of hydration within the downgoing 
oceanic plate. 
Beginning at CX C (northern Nicoya peninsula, EPR crust) seismogenic zone 
seismicity occurs over a more limited depth range but remains within a low Vp anomaly 
paralleling the top of the fast slab. The low P velocity and low Vp/Vs zone does not 
narrow along with the seismicity. The low P velocity anomaly underneath the slab is 
imaged in this cross section and persists to the south for ~40-50 km. At >55 km depth, 
seismicity occurs in the higher Vp region of the fast slab. Where interplate seismicity 
ends (~30 km depth), the low Vp/Vs abruptly transitions to high Vp/Vs patch above the 
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slab. This high Vp/Vs is located at intermediate depths (40-80+ km depth, ~150 landward 
of trench) below most of the intraplate seismicity and is consistent with refraction data 
taken along the same line (van Avendonk et al. 2011).  
At CX D (southern Nicoya peninsula, CNS-1 crust) the seismogenic zone 
seismicity continues to correspond to an almost horizontal low P velocity layer and low 
Vp/Vs. High Vp dominates the downdip edge of the seismogenic zone (Fig. 4.7, panel C, 
ii). The high Vp slab is a very smooth feature and is mostly high Vp/Vs as well. Deeper 
seismicity (>40 km) becomes sparse, but the slab can still be imaged to >100 km depth.  
CX E is located at the transition into the CNS-2 seamount regime. We still see a 
well-defined, thin seismogenic zone embedded within a low velocity zone above the slab, 
but now we see additional seismicity in the crust at an orthogonal orientation to the 
seismogenic zone. The extensive upper plate seismicity sits just above the Moho. High 
Vp/Vs sits below the seismogenic zone (Fig. 4.7, panel C, ii). The fast slab structure is 
imaged only to depths of ~60 km at which there is a transition to lower Vp anomalies. 
The transition from high to low anomalies within the slab is also documented in Husen et 
al. (2003). Upon modeling the equilibrium mineralogy of the Cocos plate via the method 
of Hacker (1996) and Hacker et al. (2003), Husen et al. (2003) interpret the low 
velocities as hydrous rocks of the oceanic crust and uppermost oceanic mantle caused by 
phase transitions and dehydration reactions that occur as the plate descends into the 
mantle. 
The aftershock sequence of the Osa 1999 Mw 6.9 event is documented in the 
seismicity of CX F. These aftershocks probably account for the visual distinction in 
seismicity from the other cross sections. There is still a distinct seismogenic zone in a low 
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Vp area above the slab within the “scatter” of the aftershock sequence. As mentioned 
previously, a double seismic zone can be seen here. The upper seismicity (Fig. 4.9, 
yellow line) resides in the low velocity zone as before. The lower seismic zone (Fig. 4.9, 
green line) is in the fast Vp slab. Both the upper and lower seismicity of the double 
seismic zone occurs in transition from high to low Vp/Vs regions. The fast slab anomaly 
can be imaged to ~60 km where it transitions into a 0% anomaly region with a renewal of 
deeper intraplate seismicity.  
Depth sections show the continuous fast slab and overlying low velocity zone 
(Fig. 4.8). The seismicity plots as a fairly consistent linear pattern in the low velocity 
zone above the fast slab in the depth sections until ~35 km.  Below 35 km the intraplate 
seismicity begins and plots in the positive velocity slab (see Fig. 4.8C at 60 km depth) 
except for the seamount that may be more hydrated. Note that there is a gap in resolution 
between X=60 and 70 km distance along strike (shown in Fig. 4.7) that shows up as a 
disturbance in the slab and low velocity zone structure. This low-resolution area is a 
result of a gap in coverage between the NICOYA and JACO arrays.  
The Moho in Nicaragua and Costa Rica has been documented in pervious studies 
to lie at approximately 30-43 km depth (Quintero & Kissling 2001; Sallares et al. 2001; 
DeShon & Schwartz 2004) in Costa Rica and between 26-39 in Nicaragua (Mackenzie et 
al. 2008, 2010). DeShon & Schwartz (2004) used the P velocity contour of 7.0-7.2 km/s 
as the crust-mantle boundary that corresponds to past refection models of the Moho 
(Sallarès et al. 2001) and other tomographic results (e.g. Arroyo et al. 2009). The 7.0 
km/s contour is used as a reference for the Moho. The contour is shown on each cross 
section in Fig. 4.9, and it seems to correspond to the maximum depth of the seismogenic 
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zone earthquakes. The mantle wedge area has lower resolution but absolute velocities for 
the nose of the wedge are shown in Fig. 4.9. In the north, CX A and B have wedge nose 
velocities of ~7.2-7.6 km/s. Central Costa Rica velocities increase to 7.8- 8.2 km/s and 
southern Costa Rica remains a constant ~7.8 km/s. Moving south the mantle wedge 
appears to thin. The areas beneath the volcanic arc are largely low resolution. Vs images 
show similar trends as the Vp (Fig. 4.9). 
 
4.8 Discussion and Conclusions 
One of the outstanding questions concerning seismogenic zone processes is what 
controls the onset and cessation of rupture or variability in shear strength. Shear strength 
is dependent on many factors like pore fluid pressure, normal stress, and frictional 
coefficients of the rocks involved (e.g. Scholz 1990, 1998; Scholz & Campos 2012). 
Furthermore, these values are affected by different properties at different subduction 
zones. Some mechanisms that have been proposed are: metamorphic reactions (Evans 
1977; Manning 1995; Peacock 1990; Vrolijk 1990; Kirby et al. 1996; Hyndman et al 
1997; Peacock & Hyndman 1999) that disrupt the frictional stability (Moore & Saffer 
2001; Ide et al. 2007; Liu & Rice 2005, 2007, 2009; Moore et al. 2007; Rubin 2008; 
Segall & Bradley 2009) or the introduction of fluids (Ahrens & Schubert 1975) that 
change pore fluid pressures (Moore & Saffer 2001; Brodsky & Mori 2007; Audet et al. 
2009, 2010). Both of these mechanisms are usually initiated by temperature changes as 
the slab descends into the mantle. When comparing subduction zone seismicity to 
thermal models, there seems to be a fairly consistent correlation between the 100-150° C 
isotherm and the up-dip limit of seismicity (Hyndman & Wang 1993; Hyndman et al. 
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1997; Oleskevich et al. 1999; Peacock & Hyndman 1999; Harris & Wang 2002). This is 
the temperature were low-grade metamorphic reactions change subducting material from 
those that are velocity strengthening to materials that are velocity weakening, thus 
instigating seismicity (see Moore & Saffer 2001). Down-dip limits tend to occur around 
the 350° C isotherm or where the slab encounters the upper forearc mantle, whichever is 
shallower (Hyndman & Wang 1993; Hyndman et al. 1997; Oleskevish et al. 1999; Currie 
et al. 2002; Harris & Wang 2002). The 350° C isotherm is usually the temperature where 
subducted material becomes ductile. It is also possible that dehydration of the slab at 
these depths hydrate the forearc mantle creating serpentine, a conditionally stable 
material (Ikari et al. 2011). These fairly consistent temperature correlations suggest that 
temperature plays an important role in seismogenesis.  
 Costa Rica, in particular, has not only been a focus site for seismic studies but 
also many other geophysical studies including ocean-drilling projects (Deep Sea Drilling 
Project, Ocean Drilling Program, Integrated Drilling Program, CRISP, etc. (von Huene et 
al. 1995; Kimura et al. 1997; Morris et al. 2003)), bathymetry swaths (von Huene et al. 
2000; Ranero et al. 2008), and magnetic surveys (Barckhausen et al. 2001; Worzewski et 
al. 2010). These give us a wealth of information about the incoming plate that plays a 
major role in the behavior of the seismogenic zone.  Nicaragua/Costa Rica is an excellent 
area to test the effects of down going plate properties on seismogenic zone characteristics 





4.8.1 Thermal Models 
With the combination of abundant heat flow data along strike (Harris et al. 2010) 
and new high-quality earthquake locations, this is an excellent area to investigate the 
relationship between seismicity and temperature. We compare our new relocations to 
thermal models of Costa Rica (Harris et al. 2010) (Fig. 4.10). The temperature structure 
of the subduction thrust is estimated by a heat conduction-advection equation solved by a 
finite element approach (Wang et al. 1995; Peacock & Wang 1999). Heat is moved via 
advection within the subducting slab and via conduction through the forearc. The thermal 
effects of mantle wedge flow are coupled to the subducting slab using an isoviscous 
mantle rheology (Peacock & Wang 1999). More details of this modeling are given in 
Harris et al. (2010a, 2010b). Heat flow model profiles are shown in Fig. 4.10 and are 
located where heat flow measurements were taken. In comparing the relocated Nicaragua 
and Costa Rica earthquakes to the thermal models of the Costa Rica/Nicaragua 
subduction zone (Fig. 4.10), there is a consistent correlation between the onset of 
seismicity and the 150ºC isotherm. North of the Nicoya peninsula, in the cool EPR crust 
area, what we define as the seismogenic zone is thick vertically, extending from around 
10 km down to and perhaps below documented Moho depths (Arroyo et al. 2009; 
Linkimer et al. 2010). The depth of the 350ºC isotherm intersection with the thrust does 
not occur until depths below the mantle wedge intersection. In this case the down-dip 
limit would be primarily controlled by the slab intersection with the mantle wedge 
serpentinite instead of thermally controlled. South of Nicoya (Fig. 4.10, C) the 
seismogenic zone is thinner vertically with a down-dip limit of around 20 km deep. This 






Figure 4.10: Inversion relocations plotted over a new Nicaragua-Costa Rica thermal 
model (Harris, personal communication). In A, B, and C, black and green circles are 
earthquake relocations. Green circles are earthquakes within 5 km of the slab interface. 
White lines show the boundaries of the plate interface, Moho, and upper crust. A) Cross 
section from northern Nicoya peninsula near CX C. B) Cross section in southern Nicoya 
peninsula near CX D. C) Cross section from the seamount segment north of Osa 
peninsula. D) Relocations in map view. Thermal cross section locations are shown by 
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shallower ductile regime or shallower dehydration of the slab creating weaker hydrous 
minerals that are aseismic.  
 
4.8.2 Petrology 
The effect of temperature on seismic velocity is fairly straightforward. With the 
study of thermal regimes of the down going plate and velocity tomography, we have a 
first order understanding of slab temperatures with depth as it warms via conduction. 
However, temperature is not the only control on seismic velocities. Water, melt, or fining 
grain size have been documented to decrease velocities. For example, in the north, CX A 
and B (Fig. 4.9) have overriding mantle wedge nose velocities of ~7.2-7.6 km/s. Despite 
the cooler temperatures in the north of our study area, these reduced velocities may 
indicate hydration or the presence of serpentine. This may cause the ambiguous slab-
mantle wedge contact in CX A. We elected to use a proxy of 7.0 km/s as the location of 
the Moho (DeShon et al. 2006). CX A and B do not show a clear intersection of the 7.0 
km/s contour with the slab as the other cross sections exhibit. The presence of serpentine 
in the overriding mantle wedge has been interpreted to weaken the Moho signal in the 
forearc (DeShon & Schwartz 2004; MacKenzie 2008). Central Costa Rica velocities 
increase to 7.8- 8.2 km/s where the slab is not as hydrated. Vp/Vs ratios are commonly 
used to detect serpentine or fluids. These materials exhibit low Vp and high Vp/Vs. In the 
context of the example above, where the Moho/forearc contact is blurred, there is also a 
patch of high Vp/Vs corresponding to the low forearc velocities, though this is in a lower 
resolution area of the model.  
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A dominant feature in the tomography is the presence of a low velocity band 
paralleling the slab. This could be explained by a hydrated crust at shallower depths and 
serpentinization of the continental mantle lithosphere at greater depths due to dehydration 
of the slab. Ivandic et al. (2008) suggest that hydration may cause serpentinization of 12-
17% in the uppermost slab. But, we do not see elevated Vp/Vs in the low Vp at the top of 
the subducting plate. The first order low velocity band sitting on top of the slab seems to 
be correlated with a decreased Vp/Vs instead of an elevated one. One cause of lowered 
Vp/Vs could be the presence of free water in unconnected pore spaces (Takei 2002). 
Without interconnected pore spaces, free water may persist to depth, lowering the seismic 
velocities and Vp/Vs. Overall Vp/Vs is highly variable along strike and with depth. 
The northern cross sections A, B, and C show evidence of low Vp and high 
Vp/Vs in the Cocos plate oceanic mantle.  This combination may suggest serpentinization 
of the oceanic mantle. This process may be facilitated by deep normal faults caused by 
bending of the plate that allow water to percolate down into the oceanic mantle (Ranero 
et al. 2003; Grevemeyer et al. 2005). Most of this hydration is thought to happen at the 
outer rise (Ranero et al. 2003; Peacock 2001,2004). These bend related normal faults 
have been imaged through seismic reflection in Nicaragua where the plate dip is steep 
and bending is intense (Ranero et al. 2003; Grevemeyer et al. 2005). Here, a number of 
faults cut through the crust into the uppermost mantle. This area has been previously 
documented to exhibit anomalously low seismic velocities (Grevemeyer et al. 2007; 




4.8.3 Incoming Seafloor Characteristics 
 There is significant along-strike heterogeneity associated with the subducting 
plate along this margin. On first order we have crusts of different origins and ages 
subducting along a mere ~400 km length. This crust has then been modified by 
seamounts and ridges caused by hotspot interaction and extensive bend-related faulting. 
With this in mind, we should not be surprised by the extreme distinctions in the 
tomographic images in cross section A-F. In the northern part of the study area, reduced 
Vp velocities, masking the typical “fast” slab feature, dominate the cross sections (north 
of B). The pervasive trench-ward dipping faults in this region (Ranero et al. 2003; 
Grevemeyer et al. 2007) may provide pathways for water to hydrate the crust and upper 
mantle (Rüpke et al. 2002; Ranero et al. 2003; Grevemeyer et al. 2007; Ivandic et al. 
2008) and may potentially cause this reduction in seismic velocity. The band of reduced 
velocities also weakens southward which may reflect decreased hydration in central and 
southern Costa Rica. A hydration signal is also seen in the arc chemistry beneath the 
subducting EPR crust suggesting a greater amount of fluids originating from dehydration 
of extensively serpentinized mantle (Rüpke et al, 2002).  
 The suture of the EPR and CNS-1 crust is located between CX C and D. The 
CNS-1 crust shows only a few small bend related faults as compared to the EPR crust 
(Ranero et al. 2003), suggesting less mantle hydration. This is the area of the margin 
where the low velocity anomaly above the slab begins to weaken slightly possibly due to 
decreased hydration. Vp/Vs calculated with receiver functions by Linkimer et al. (2010) 
also confirm this contrast in hydration state.  
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CX D is in the CNS-1 domain were the seafloor is very smooth. This area images 
as a smooth slab structure with little deflection of the anomaly contours. The tomographic 
images may reflect the nature of the incoming plate. CX E and F are in the seamount and 
Cocos Ridge area, respectively, of CNS-2 crust. The topography is a result of 
overprinting of the Galápagos hotspot. Collision of incoming plate topography with the 
overriding plate may account for the crustal seismicity in CX E and the complexity of the 
image in CX F. This topography may also affect earthquake rupture. Moyer et al. (2010) 
find that the seamount-dominated region has a mean aftershock apparent stress of more 
than twice the global mean for megathrust earthquakes at oceanic subduction zones. 
Regionally, this increases in apparent stress is evident even when comparing the 
seamount region to the smoother Nicoya region where the stress is 1.5 times the mean. 
This suggests stress concentration in the region where seamounts and ridges are 
subducting. 
 
4.8.4 Similarities and Differences with Previous Models  
Past studies in the region have often been limited to small sections of the margin. 
Arroyo et al. (2009) and Dinc et al. (2010) both focus on local tomography of central 
Costa Rica. Both of these studies image a similar high velocity slab feature with a LVZ 
paralleling the top of the slab where interplate seismicity is concentrated. Dinc et al. 
(2010) mainly focus on slab geometry and its connection to the deformation style of the 
crustal upper plate. In our case, we have poor resolution at uppermost crustal depths. Our 
method is most powerful at resolving near source structure. In Arroyo et al. (2009), they 
document a thickening of the LVZ with depth that we do not image.  
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Dinc et al. (2011) show tomography images of southern Nicaragua. Low 
velocities dominate our Nicaragua images. Dinc et al. (2011) begin to image the high 
velocity slab 40 km north of where we begin to image it (20 km north of CX B). We 
tested various subsets of data to test the discrepancy. First we limited the data set to 
NICOYA events with a gap of less than 180° to avoid including the northward-directed 
raypaths that may be traveling in the lower velocity overriding plate or mantle wedge. 
Tomographic results show the same low velocity anomalies with no slab feature in the 
northern study area. We also tested inverting with the NICAT data only with the same 
result.  Dinc et al. (2011) also image a more pronounced low velocity mantle wedge 
corner. Although we do see low velocities as well, the anomalies are lower amplitude, 
and we image no corresponding high Vp/Vs. 
Many geophysical studies have been conducted at the Nicoya peninsula region of 
the margin (e.g. Harris & Wang 2002; Husen et al. 2002; Newman et al. 2002; Walther & 
Flueh 2002; DeShon 2004; DeShon et al. 2006; Iinuma et al. 2004; Grevemeyer et al. 
2007; Ghosh et al. 2008; Walter et al, 2011; Worzewski et al. 2010; Moyer et al. 2011; 
Stankova-Pursley et al. 2011; Feng et al, 2012), including tomography (Husen et al. 
2002; DeShon et al. 2003; 2006; DeShon 2004; DeShon & Schwartz 2004). There is very 
good agreement between our Nicoya peninsula depth section and previous tomography 
results for the peninsula by DeShon et al. (2006). Both studies show the fast velocity slab 
with a LVZ containing the seismogenic zone seismicity above the slab. Location of the 
slab and low velocity zone are close to identical in both studies.  
A recent onshore-offshore long-period magnetotelluric experiment at the Nicoya 
peninsula was conducted to invert for electrical resistivity of the Costa Rican subduction 
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zone (Worzewski et al. 2010). Many of the resistivity anomalies found in the study are 
either too shallow for us to resolve or seaward of the trench where we have no resolution. 
But the study does document a high conductivity anomaly located ~150 km landward of 
the trench at a depth of ~30 km (overriding plate) that is in our resolved area. Worzewski 
et al. (2010) explain this conductive region as being associated with the release of fluids 
from the oceanic crust or dehydration of a serpentinized upper mantle wedge. Deeper 
beneath the anomaly is another area of high conductivity at ~100 km depth also attributed 
to deeper deserpentinization. In our tomography, we image high Vp/Vs correlating to 
these areas of high conductivity (labeled “hc” in Fig. 4.9C, CX C). High Vp/Vs is 
commonly associated with fluids and would corroborate the Worzewski et al. (2010) 
interpretation.  
Larger scale, country-wide tomography has been done, but these have used only P 
wave data (Protti et al. 1996; Sallarès et al, 2000; Husen et al. 2003) and suffer from poor 
resolution at depths > 50-100 km. The most recent is the Husen et al. (2003) Costa Rica 
study. Resolution for the Husen et al. (2003) study is low below ~70 km and uses only P 
waves from a sparse country-wide network. Nevertheless, we see similar features and 
along strike variability in the seismic structure. A similar low velocity zone above the fast 
slab structure is seen in the cross section at Nicoya. CX E (this study, Fig. 4.7) is the 
transition into CNS-2 seamount regime. Both our study and Husen et al. (2003) see a 
well-defined seismogenic region in the low velocity zone above the slab and additional 
seismicity in the crust at an orthogonal orientation to the seismogenic zone. In both 
studies, the fast slab structure is imaged only to depths of ~60 km at which there is a 
transition to lower Vp anomalies. Husen et al. (2003) image no fast slab structure in 
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southern Costa Rica, whereas our study shows a distinct low velocity slab feature. Husen 
et al. (2003) have poorest resolution in the south, which may account for the lack of a 
slab feature.  
Many active source studies have been conducted along this margin (see Chapter 2 
for an overview), and we limit caparison here to the recent large-scale refraction-based 
tomographic images from van Avendonk et al. (2011). This data was collected on the 
Cocos plate offshore Nicaragua and Costa Rica and parallel to strike of the MAT. Similar 
to our images, the velocity models show lower P wave velocities in the oceanic 
lithosphere offshore Nicaragua than offshore Coast Rica. van Avendonk et al. (2011) 
attributed these low velocities to faulting and slab hydration in the Nicaragua area. 
Another interesting comparison to make is the up- and down-dip seismogenic 
zone limits we define with microseismicity to other seismogenic zone study methods like 
geodetic locking, apparent stress, and slow slip events (SSE)/nonvolcanic tremor 
(NVT)/low frequency earthquakes (LFE). In the seismicity section (8.1), we use the term 
up- and down-dip limits of microseismicity not to suggest that this is the limit of 
earthquake rupture or seismic phenomena.  
Recent megathrust coupling measurements derived from GPS data (Feng et al. 
2012) find a strong correlation between seismogenic zone microseismicity and partially 
coupled regions of the interface at the Nicoya peninsula. Results show two fully locked 
patches in central Nicoya at ~15 km and ~24 km depth. They find seismicity is 
dominantly in the partially coupled regions, especially on the EPR side of Nicoya. There 
is only sparse seismicity in the fully locked patches of the megathrust. We see a gap in 
seismicity in the seismogenic zone (Fig. 4.8) at 25 km depth that correlates to the deeper 
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fully locked patch from Feng et al. (2012). Partially coupled regions also coincide with 
increasing slab dip that may release more fluid, thus increasing pore pressure and 
decreasing effective stress. They conclude that microseismicity does not define the strong 
coupling or the up- or down-dip limits of the seismogenic zone. However, we find the up-
dip limit of seismicity to be at 10 km depth at Nicoya, which is also the up-dip limit 
defined by coupling in Feng et al. (2012). The down-dip limit of the fully coupled region 
is at 28-29 km depth. These results correspond well with past studies of locking from 
seismicity, b-values, and apparent stress in this area (e.g. DeShon et al. 2006; Ghosh et 
al. 2008; Stankova-Pursley et al. 2011).  
Seismicity in Nicaragua tends to be closer to the trench with sparse deep events. 
LaFemina et al. (2009) model interseismic strain accumulation along the subducting slab 
to fit GPS data and suggest that along Nicaragua interseismic locking is mainly shallow 
(<20 km depth) and offshore, which matches our seismicity relocations. Along 
Nicaragua, oblique plate convergence is accommodated by trench-parallel motion along 
the forearc and associated with low mechanical coupling (LaFemina et al. 2009). In this 
model, strain accumulation beneath the Nicoya and Osa peninsulas in Costa Rica is 
higher and correlates to the broader seismogenic zone. The authors suggest that 
subduction of the Cocos Ridge serves as an indenter into Central America forearc and 
causes the northeast translation of the forearc along the margin. This collisional 
component may account for the more diffuse seismicity in cross section F in southern 
Costa Rica and the abrupt transition from high to low velocities below the coast and at 
30-40 km depth.  
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Both slow slip, tremor, and LFEs have been documented in areas of the Nicoya 
peninsula region (e.g. Shelly et al. 2007; Brown et al. 2008, 2009; La Rocca et al. 2009, 
2010; LaBonte et al. 2009; Outerbrigde 2010; Outerbridge et al. 2010; Walter et al. 2011; 
Jiang et al. 2012) that suggest strain can accumulate and release in regions both up- and 
down-dip of microseismicity. Walter et al. (2011) find NVT throughout the seismogenic 
zone in Nicoya. The shallow tremor and SSE (Outerbridge et al. 2010; Walter et al. 
2011) correspond to the uncoupled areas of the Feng et al. (2012) model. In our 
relocations, SSE and NVT border the regions of microseismicity suggesting these newly 
discovered seismic phenomena should not necessarily be considered as separate 
processes but as part of a spectrum of seismic behavior spanning from great earthquakes 
to LFE to SSE and tremor. Limits of slow slip and tremor are better to delineate the area 
of the subduction zone that is truly the seismogenic zone. 
 
4.9 Conclusions 
Utilizing 4,559 events recorded over five amphibious arrays we have created 3D 
seismic velocity tomography models along the Middle America subduction zone from 
southern Nicaragua through Costa Rica. Studies have been conducted using the 
individual arrays and varying techniques, but these are the first results integrating all five 
experiments and producing continuous images along the entire Nicaragua/Costa Rica 
margin. This continuity allows for comparison of the high along-strike heterogeneity of 
the incoming and overriding plate to the 3D tomographic images.  
High variability in the tomographic images is seen along strike. Low Vp and Vs 
anomalies dominate the Nicaraguan cross sections and are consistent with pervasive 
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hydration of the oceanic mantle. A gradual weakening of these low velocity anomalies to 
a more traditional fast slab structure and slow mantle wedge occurs at the northernmost 
Nicoya peninsula area (between CX B and CX C). This transition is near the Santa Elena 
suture, separating the Chortis block from the Chorotega block. CX A, B, and C show a 
low velocity area in the downgoing plate’s oceanic mantle that exhibits high Vp/Vs. 
South of the EPR-CNS suture (~10 km south of CX C), much of the low velocity oceanic 
mantle is gone.  
Patterns in seismogenic zone seismicity also vary along strike (Fig. 4.9, panel B). 
Plate interface seismicity offshore Nicaragua is sparse and shallow, but the vertical 
thickness of the zone is greatest in this area. The down-dip limit of seismicity appears to 
shallow where CNS lithosphere subducts. Across the margin, the down-dip limit of the 
seismogenic zone earthquakes shows good correlation with the overriding plate Moho 
intersection. Northern Costa Rica, in the EPR crust region, exhibits a well-defined 
microseismicity seismogenic zone and deeper intraplate seismicity that defines the slab 
with continuity. Deeper earthquakes are less common to the south of Costa Rica in the 
CNS-2 subducting slab. In cross section the seismogenic zone is imaged as a coherent 
linear zone corresponding to a low velocity anomaly (Fig. 4.7, panel A). Seismogenic 
zone earthquakes reside in this low velocity (Vp and Vp/Vs) band (Fig. 4.9, panel A). 
The magnitude of the low velocity anomalies on top of the slab decreases from north to 
south.  Cross section F exhibits more scattered seismicity, but this region is recording the 
aftershock sequence of the 1999 Quepos earthquake.  
In all cross sections shown, except for CX C, small patches of high Vp/Vs are 
imaged downdip of the seismogenic zone earthquakes (Fig. 4.7, panel C). This low Vp 
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(Fig. 4.9, panel A) and high Vp/Vs area could suggest serpentinization of the forearc 
mantle wedge (e.g., DeShon et al. 2006). This pattern is highly heterogeneous along 
strike. 
Fig. 4.11 shows a conceptual model of the seismic velocity characteristics seen 
along the Nicaragua and Costa Rica margin. Serpentinization of the oceanic upper mantle 
is facilitated by outer rise normal faulting that creates pathways for water to reach the 
oceanic mantle of the subducting plate. In the velocity tomography, this results in low Vp 
and high Vp/Vs in the Nicaragua portion of the model   This signal is not as strong 
offshore Costa Rica.  Due to the release of fluids from to compaction of subducted 
sediments, mineral dehydration and metamorphic reactions, fluid pressure should vary 
along the plate interface (Fig. 4.11) (Saffer & Tobin 2011).  The shallow region updip 
and the region downdip of the seismogenic zone may be significantly overpressured (e.g., 
Audet et al. 2009; Kato et al. 2010; Obana & Kodaira 2009; Song et al. 2009; Tobin & 
Saffer 2009; Saffer & Tobin 2011), and this may facilitate newly recognized processes 
such as slow slip and subduction tremor (e.g. Gomberg 2010; Ito & Obara 2006; Obana 
& Kodaira 2009; Song et al. 2009). Overpressured regions should exhibit low Vp and 
high Vp/Vs, similar to the signal of serpentinization.  We have low resolution in the 
shallowest portion of the seismogenic zone, but we do see evidence of low Vp and high 
Vp/Vs downdip of plate interface microseismicity.  It is difficult to separate this signal 
from that of serpentinization of the overriding forearc mantle, however (Fig. 4.11). The 
seismogenic zone region is likely overpressured as well but not to the extent of the 
regions up- and down-dip from it (Saffer & Tobin 2011). This may explain the 
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continuous low Vp and low Vp/Vs feature associated with plate interface seismicity 























































































   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   










































































































































































































Table 4.1    
Minimum 1D Model Used in Tomographic 
Inversion 
Depth (km)   Vp (km/s) Vs (km/s) 
0  2.40 1.35 
5  3.10 1.74 
10  4.29 2.41 
15  5.50 3.09 
20  6.88 3.87 
25  7.00 3.93 
30  7.30 4.10 
35  7.60 4.27 
45  7.80 4.38 
60  7.90 4.44 
80  8.20 4.61 
140  8.35 4.69 
200  8.40 4.72 
































































































































































































































































































































































































































































































































































































































































































Table 4.3   
Traveltime residual reduction for each iteration 
of inversion. 
  CT* RMS† CC* RMS† 
Initial RMS 1.4194 0.4027 
Iteration 1 0.4721 0.3167 
Iteration 2 0.4850 0.2857 
Iteration 3 0.2951 0.2130 
Iteration 4 0.2755 0.2050 
Iteration 5 0.2302 0.1049 
Iteration 6 0.2220 0.0937 
Iteration 7 0.1678 0.0633 
Iteration 8 0.1614 0.0589 
Iteration 9 0.1558 0.0294 
Iteration 10 0.1519 0.0262 
Iteration 11 0.1266 0.0220 
Iteration 12 0.1218 0.0209 
   
*CC: cross-correlation residual times 
*CT: catalog residual times  


















5 REFINED VELOCITY MODELS 
 
 The coarse grid model of the Nicaragua-Costa Rica margin described in Chapter 4 
serves as an excellent starting place to investigate broad-scale features or as a model for 
comparison when using different geophysical techniques. In this chapter I present the 
results of a finer grid (20 x 10 km) tomography inversion. These images incorporate data 
from the TUCAN experiment, which provides additional raypath coverage along both 
Nicaragua and Costa Rica due to the broader aperture of the array. The results are 
compared to the coarse model and with an ancillary method of calculating high-resolution 
Vp/Vs measurements. 
 
5.1 Fine Grid Tomographic Inversion 
 In moving towards a finer grid tomographic model of the Nicaragua-Costa Rica 
margins, I elected to only reduce the grid spacing in the direction perpendicular to the 
trench to avoid oversampling in the X direction (along strike). The fine grid inversion 
was conducted in the same manner as the coarse study. Model and data variance trade-off 
curves were made to choose appropriate damping and smoothing values. The existing 
dataset was supplemented with data from the TUCAN (Tomography Under Costa Rica 
and Nicaragua) Broadband Seismometer Experiment, a temporary array consisting of 48 
broadband seismographs deployed from July 2004 to March 2006 (Syracuse et al. 2008; 
Abt et al. 2009; MacKenzie et al. 2010). This experiment was a collaboration between 
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Brown University, Boston University OVSICORI/Universidad National Autonoma Costa 
Rica and INETER Nicaragua. The dataset includes data from the temporary PASSCAL 
deployment as well as the permanent stations in the region (see Appendix 2 for station 
map and station information). This added 1400 additional events to the dataset spread out 
over the Nicaragua-Costa Rica margin (Fig. 5.1) and provided raypath coverage from the 
deeper slab (Fig. 5.2) compared to the CRSEIZE and SFB datasets. These events provide 
additional coverage in the northern section of the study area (Nicaragua north of CX A in 
Chapter 4) and across the volcanic arc.  Grid points were added to the north to 
accommodate the additional data in Nicaragua. 
 
5.1.1 TUCAN Earthquake Relocations 
The inversion is a joint velocity/hypocenter inversion using tomoDD2, as in 
Chapter 4, and includes CRSEIZE, SFB and TUCAN data.  CRSEIZE and SFB 
relocations are similar to Chapter 4 and are not shown here.  Fig. 5.1 shows the original 
TUCAN catalog locations (Fig. 5.1A) and the relocated TUCAN events (Fig. 5.1B) in 
map view. The inversion grid used in the tomography is shown on the figure as small 
circles. Cross sectional views of the relocations are shown in Fig. 5.2. The cross sections 
correspond to those in Chapter 4 (Fig. 4.1) with two additional cross sections to the north, 
N1 and N2. Cross sections begin at the Y=0 km  (Fig. 5.1, green hexagons) and are 
oriented perpendicular to the trench (rotated 48°) as in Chapter 4. The events seem well 
located with few large movements in the relocations of the original TUCAN hypocenters. 




Figure 5.1: Earthquakes from the TUCAN database. Inversion gird is shown by the small 
circles. Earthquakes are the colored circles, colored by depth. Green hexagons show the 
locations where the cross sections are taken along the grid. A) Original earthquake 
locations. Note, these events are added to the existing catalog (Chapter 4), which is not 
shown here.  B) Earthquake relocations from joint velocity/hypocenter inversion. 
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Figure 5.2: TUCAN earthquake locations. Black circles are the original locations. Red 
circles are the relocations. Cross sections are labeled in the lower left hand corner and the 
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slightly deeper than the original locations. The southern sections have movement up or 
away from the trench but show less movement than the relocations in the north. 
 
5.1.2 Fine Grid Velocity Tomography Results 
The coarse grid and fine grid cross sections are shown in Fig. 5.3 for comparison 
purposes. Earthquakes plotted on the velocity images are the relocated CRSEIZE, SFB 
and TUCAN events. Cross sections to the north of N2 have poor resolution, especially 
seaward of the coast, due to the low number of earthquakes and cannot be interpreted. 
The images are displayed as relative Vp values (% change from the starting model). 
Adding the TUCAN data helps resolve a fast velocity slab offshore Nicaragua that is 
visible in cross section N1 and less so in N2. Both cross sections exhibit low velocity 
regions in the oceanic mantle.  N1 has the distinctive low velocity zone along the top of 
the high velocity slab (Fig. 5.3), as was noted in the cross sections of the coarse models.  
The overall velocity structure of the fine grid models are very similar to the coarse 
models but with finer detail. Seismicity still resides in a low velocity zone (Fig. 5.3, 
“lvz”) along the top of the high velocity slab (Fig. 5.3, “slab”). In cross sections A and B, 
anomalies are slightly weaker than in the corresponding coarse model cross sections. 
Both cross sections A and B contain more detail in the forearc and the nose of the mantle 
wedge (Fig. 5.3, “mw”). Though the pervasiveness of the low velocities seen in the 
coarse models is reduced in the fine models, there still exists large low velocity 
anomalies in the oceanic mantle. In CX B, the large low velocity area imaged below the 
continent now appears as a thin, sheet like structure coming from >100 km depth. Cross 
sections C through F are largely similar to the coarse grid model. In C, the low velocity 
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feature appearing to penetrate the fast slab structure is still present. The seismicity 
seemingly lost in the fine model of cross section F was relocated slightly south, outside 
the width plotted for F.  
 
5.1.3 Velocity Structure of the Slab 
Figs. 5.4 and 5.5 show the Vp structure along the top of the slab, which is defined 
using relocated seismicity between 5-80 km and follows the USGS slab model for Middle 
America (Hayes & Wald 2012) from 0-5 km and 80+ km. Since the northern cross 
sections in the fine grid models have a smaller region of low velocity anomalies, the slab 
now appears to be zoned along strike with a high velocity anomaly in the shallow slab 
regions, low velocities in the seismogenic zone, and high velocities again below the 
seismogenic zone. The seamount segment exhibits the lowest velocities along the Costa 
Rican margin. The fractured nature of seamounts may allow for additional fluid pathways 
in this region causing the low Vp.  
In the fine grid model (Fig. 5.5 and Fig. 5.6) I compare documented slow slip 
events (Fig. 5.6, yellow circles) and the recent 2012 Nicoya earthquake (Fig. 5.6, blue 
circle) to the along slab structure. The pink outline on Fig. 5.6 is the location of plate 
locking modeled in Feng et al. (2012). Slow slip events (Outerbridge et al. 2010; Walter 
et al. 2011) at the Nicoya peninsula are correlated with high Vp in this model. Rupture 
from the recent September 2012 earthquake (Hayes 2012) is not well correlated with the 
GPS locking results (Feng et al. 2012) but instead resides in a low Vp region to the 
southeast (Fig. 5.5). This discrepancy may disappear in the future, as the USGS finite 
element model and GPS models are recomputed using updated slab models.  The 
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downdip end of the rupture terminates at the end of the low velocity region modeled 
along the slab and up-dip of the region with slow slip events (Outerbridge et al. 2010; 
Walter et al. 2011).  
 
5.1.4 Conclusions for Fine Grid Tomography Results 
Overall the fine grid models shows good correlation to the coarse model and 
provides additional detail to the shape and magnitude of the anomalies. Absolute Vp 
patterns in both models are similar but the amplitude of the anomalies are not.  However, 
absolute amplitude in damped inversions can be difficult to constrain. In essence, relative 
velocity features not present in both models should not be interpreted.  The additional 
TUCAN seismogenic zone earthquakes, like the CRSEIZE and SFB earthquakes, are 
located within a low velocity region at the top of the slab. Additionally, the TUCAN data 
provide additional raypaths from intermediate depth earthquakes, sampling a broader 
swath of the margin, and provides better resolved images offshore Nicaragua relative to 
the course model. Moving to a finer grid and adding the TUCAN data does not change 
the broader interpretations of the Nicaragua and Costa Rica margin (see Chapter 4, Fig. 
4.11 for example).  A detailed look at the seismic structure of the downgoing slab may 
help to define regions of different earthquake behaviors, like SSE residing in higher 
velocity regions and seismogenic earthquake rupture terminating at the edge of the 





Figure 5.3: Relative Vp (%) tomography models. Cross section locations are shown in 
Fig. 5.1. Earthquake relocations are represented by black circles. lvz = low velocity zone. 
mw = mantle wedge. A) Coarse grid (20 x 20 km) Vp models. B) Fine grid (20 km x 10 
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Figure 5.6: Zoom of Fig. 5.5 with the earthquakes removed. Yellow ellipses indicate 
areas documented to having slow slip events. The patch outlined in pink is an area of 
high coupling. Blue circle is the rupture of the September 2012 Nicoya earthquake 








5.2 Estimating Local Vp/Vs Ratios Using Differential Times 
In recent years the spectrum of fault slip has expanded to include such behavior as 
slow slip events, low frequency earthquakes, and tsunami earthquakes as well as new 
insight into the behavior of great earthquakes. Fault conditions are increasingly important 
to understanding where, how large, and what type of earthquakes will occur, with fault 
contact, hydration, temperature, and stress conditions being key players. In a subduction 
zone, many factors contribute to varying fault conditions, but determining the cause and 
affect of earthquake behavior among the many variables is difficult.  
One measure for constraining fault conditions, such has presence of fluids, is the 
Vp/Vs ratio. This property can be directly related to Poisson’s ratio. Certain Vp/Vs and 
combinations of Vp/Vs and attenuation can be used to infer material properties, and the 
presence of fluids, melt, or temperature variations.  Investigations of Vp/Vs ratios are 
commonly conducted during seismic tomography studies by dividing individually 
determined Vp and Vs values. Often tomographic images of Vp/Vs are low resolution, on 
the order of tens of kilometers. These calculations also suffer because of lower quality 
and numbers of S wave data. Waveform cross correlation techniques can be used to 
improve pick accuracy, which in turn reduces noise in tomographic images.  The use of 
the differential times obtained through waveform cross correlation has greatly improved 
earthquake location accuracy, which can also help improve Vs and hence Vp/Vs imaging.  
 Lin and Shearer (2007) describe an alternative method for directly calculating 
local Vp/Vs within earthquake clusters using high quality P and S differential times 
obtained through waveform cross correlation methods without the need for accurate 
earthquake locations. The P differential travel time, δTp, and the S differential travel 
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time, δTs, from two nearby events recorded at a station have a linear relationship and 
should plot on the line  
 
!"# = !"!" !!"#.                                                          5.1 
 
The slope of this line will be the Vp/Vs estimate. Therefore we can estimate Vp/Vs from 
the differential times in small areas without the need of exact earthquake locations. I 
perform this calculation on a dataset of P and S differential arrival times recorded in 
Costa Rica at the Nicoya Peninsula. These times are derived from a bispectrum waveform 
cross-correlation (Chapter 3, Moore-Driskell et al. submitted 2012). Seven clusters were 




 For the simplest expression of this problem, take two closely spaced, similar 
events recorded at a given station. The differential travel times for the P waves (or S 
waves) from event 1 and event 2 can be written as: 
 
!"# = !!! − !!!!                                                          5.2  
            !!"# = !!! − !!!!                                           5.3 
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Where Tp and Ts are the travel times of the P and S waves, respectively. Applying time =  
= distance/velocity, 
 
!"# = !!!!!                                                                     5.4  
!"# = !!!!!                                                                     5.5 
 
where !!!is the difference in ray path distance of event 1 and event 2. If we assume that 
!!! = !!!!, we have: 
 
!" !" = !!"# !"#.                        5.6 
  
Rewritten in slope-intercept form gives: 
 
 !"# = !!"#(!" !")        5.7  
 
which will yield a linear plot with a slope of Vp/Vs. Implementation of a data fitting 
technique is necessary to obtain a best-fit line. With this method we assume that the 
events are close together, that the local velocities are constant, and that P and S take-off 
angles are nearly identical. For a set of observed differential times at a range of stations, 
Equation 5.7 becomes the basic equation for the inverse problem in the form d=Gm.  
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5.2.2 Method Testing 
I first tested this method using synthetic differential arrival times created from one 
pair of events (event separation of 0.2 km) through a constant velocity half space to a set 
of 20 random stations as per Lin and Shearer (2007). The P velocity of the half space was 
set to 6 km/s with a Vp/Vs of 1.732. Differential arrival times were made for each pair of 
events to each station. I was successfully able to recover a Vp/Vs of 1.732, confirming 
the implementation of the Lin and Shearer (2007) is correct. 
However, the Costa Rica hypocenter catalog and station spacing is not as dense as 
the California catalog used to derive the local Vp/Vs method and the sampling rates are 
not consistently 100 sps, as in California.  Thus, the estimated noise is higher for the 
Costa Rica dataset and larger volumes are needed to gather as many differential times as 
those used by Lin and Shearer (2007). I therefore created synthetic differential times for a 
more likely noise and event separation scenario in order to see if the code could resolve 
Vp/Vs using Costa Rica data. I created a half space with the velocity of the local value of 
my tomographic model near Nicoya at seismogenic zone depths. I calculated travel times 
of the P and S waves from a real earthquake cluster in the Nicoya database to the Nicoya 
station configuration taking straight-line ray paths. The Nicoya cluster was in a volume 
approximately 6 km x 4 km x 2 km. Differential travel times from every combination of 
earthquake pairs to each station were calculated. The noise values of +/-0.0125 s added to 
the data were generated randomly based on the estimated noise of the real data. To 
simulate arrival times, t, instead of travel times, T, I adjust the differential travel times by 
!"!, which is the origin time difference for two events, to1 and to2,  For each station i,  
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!!!! − !!!!! = !!! + !!!!! − ! !!! + !!!!! .                                   5.9 
 
Differencing and rearranging to !!!! = !!"!! − !!"! and !!!! = !!"!! − !!"! we have 
 
!" !" = ! !"!
!!!!"!
!"!! !!!"!
 .                                                        5.10 
 
The differential origin times, !!!, effectively shift the intercept point in both coordinates 
without changing the slope so that the differential arrival times, !", are on a line of slope 
Vp/Vs.  
Each cluster contains many earthquakes and therefore multiple event pairs can be 
formed.  For each event pair the differential times (dtP and dtS) from line with a slope of 
Vp/Vs, but every event pair has a different offset along the x and y axes due to the 
differences in differential origin times.  With just one pair we can use equation 5.10 
directly, but with multiple event pairs, we cannot. To calculate a slope (Vp/Vs) within a 
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cluster of events, we use a series of equations containing information about the station 
and each event pair recorded there: 
 
!"!! = ! !"!" !!"!
! + !!"! 1!− !!"!" ! !       for station 1            5.11 
!"!! = ! !"!" !!!!





!"!! = ! !"!" !!"!
! + !!"! 1!− !!"!" ! !        for station n.          5.13 
 
If we take the mean of the differential times from all of the stations, !!! and !!!, and 
subtract out the mean from each differential time we have a set of demeaned times, !!! 
and !!!, giving 
 
!!!! = !"!" !"!
! .                                                         5.14 
 
Now we can calculate the slope, Vp/Vs, for clusters by fitting the data to a line.  
Demeaning the differential arrival times corrects for origin time offset of the 








Figure 5.7: Synthetic arrival differential times for pairs of earthquakes. dtP and dtS are P 
and S wave differential times, respectively. Each pair’s differential time falls on a line 
with a slope of 1.732. 















Costa Rica Synthetic Differential Times for a Cluster 












Figure 5.8: Synthetic arrival differential times (blue circles) for pairs of earthquakes with 
the mean removed. dtP and dtS are P and S wave differential times, respectively. Red line 
shows the slope of the data. Without noise the slope is the true 1.732. 
  












Costa Rica Synthetic Differential Times for cluster 
of Events, no Noise, Demeaned
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a simple linear regression to solve for the slope (Vp/Vs). This is useful because often one 
event pair will not yield enough differential times to adequately fit a quality line, 
especially with the noise contained in real data. This method allows for the utilization of 
many clustered event pairs. For data without noise, least squares can be used to solve for 
the model, Vp/Vs. As expected, the solution (slope = Vp/Vs = 1.732) fits the data 
synthetic data perfectly (Fig. 5.8).  
This system is very noise sensitive. Noise in the differential times affects !"# and 
!"#, whereas traditional least squares inverse solutions assume noise only in the d (!"# 
in this case) (see Lin & Shearer 2007; and Lin et al. 2007).  The L2 norm is very 
sensitive to large measurement errors so a more robust fitting is necessary. A simple L1  
norm fit is more robust, but it too has drawbacks. L1 is not smooth and if the residual 
component disappears the L1 is singular. Therefore any small residual will be considered 
significant. To use the advantages and avoid the disadvantages of both the L1 and L2 
norms, Lin and Shearer (2007) implemented a Huber norm (Huber, 1973). This function 
uses a smooth (L2) treatment of small residuals and a robust (L1) treatment of large 
residuals: 
 
!∈ ! = !
!!
!∈ ,!!!!!!!!!!!0 ≤ ! ≤!∈
! − !∈! , !!!!!!!! ∈!< |!|
!                                          7.15 
 
where ∈ is the threshold between the L1 and L2 norms and r are the residuals. The Huber 
misfit function is then  
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!∈!!!! !! .                                                         7.16 
 
This function is smooth near zero and thus treats the small residuals like a L2 norm and 
acts like a L1 for the larger residuals.   
The differential P and S times are associated with different error estimates and the 
problem has to be rescaled to account for this difference.  In essence, the S differential 
times should be scaled by the Vp/Vs in order to create equal error in !"# and !"#. To find 
the best fit slope that minimizes the Huber norm of the residuals, I implement an iterative 
grid search method following Lin and Shearer (2007) where all Vp/Vs values between 
0.0 and 2.5 are used as initial models.  The !"# values are rescaled by the previous 
iteration Vp/Vs value.  Convergence generally occurs between 2 and 5 iterations. 
 To test this method, normally distributed noise values of +/- 0.0125 were added to 
the data. Noise was added to both the !"# and !"# times (Fig. 5.9). The synthetics are 
first demeaned using a robust mean of the data (Fig. 5.10) and are then inverted using the 
grid search method. With the noise this method does not retrieve the true Vp/Vs of 1.732. 
The model value as$determined$using$many$inversions$with$different$randomly$
generated$noise is usually near 1.68-1.70. The synthetics shown in Fig. 5.10 have a 
Vp/Vs of 1.697.  
 














Figure 5.9: Synthetic differential times for event pairs with noise added. dtP and dtS are 
P and S wave differential times, respectively. 
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Figure 5.10: Synthetic differential times (blue circles) with added noise and demeaned. 
dtP and dtS are P and S wave differential times, respectively. The red lines show a LS fit 
for each of the event pair’s differential times. Slope obtained by the inversion is 1.697.  
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5.2.3 Data 
The data used here are from the CRSEIZE Nicoya Peninsula array, which 
consisted of 10 short-period land, 10 broadband land, and 14 broadband OBS. The OBS 
typically yield only P arrivals due to elevated noise levels associated with the ocean. 
Since pairs of P and S arrivals are needed at each particular station, I use only the data 
from the land seismometers. These stations were distributed evenly across the peninsula 
with alternating broadband and short-period stations. Data were recorded continuously at 
40 Hz from 5 December 1999 to 20 June 2001. Average Vp/Vs for this area has been 
found to be 1.75-1.78 (e.g. Protti et al. 1996). The high-precision differential times from 
the Nicoya experiment events were obtained through the bispectrum cross-correlation 
(BCC) technique described in Chapter 3.  
From the Nicoya dataset I defined 7 clusters having a volumes of approximately 
2-4 km3. The total number of earthquakes varied within cluster, but clusters with at least 
100 differential times were desired (Lin & Shearer 2007). Two clusters had more than 
100 differential times and one had 77. The other clusters had less than 60 (see Table 5.1). 
I used only event pairs with 5 or more differential times.  
 
5.2.4 Results 
Results of the Vp/Vs calculation are given in map view in Fig. 5.11. The circles in 
the figure represent the earthquakes within the cluster. All the events used in this study 
were located within the Nicoya seismogenic zone, ~18-25 km depth depending on the 
cluster. Clusters are colored according to their Vp/Vs. values.  
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I compare the results using a standard L2 norm least squares fit to the grid search 
solution in Fig. 5.12 and Table 5.1. Confidence intervals are calculated using the 
covariance matrix for the L2 case and by calculating the standard deviation of 50 
bootstrap solutions for the grid search approach.  The robust method outlined in Lin and 
Shearer (2007) gives much more realistic Vp/Vs values with lower error according to a 
95% confidence estimate (Table 5.1). The graphs in Fig. 5.12 show the demeaned 
differential time residuals for each of the seven clusters. The fits for the L2 and robust 
methods are plotted in green and red, respectively. Considering the limited amount of 
data and the relatively large uncertainties (all but two clusters have uncertainties above 
0.2), I do not consider the Vp/Vs determination for the clusters to be accurate. The cluster 
Vp/Vs values do not correspond with the tomography results, though they could be 
detecting small scale changes too fine for the tomography to resolve.  
 
5.2.5 Discussion  
 Lin and Shearer (2007) used over 7000 differential times in their estimation of 
Vp/Vs. The differential times for the clusters in the high resolution Nicoya study came 
vastly short of the density in Lin & Shearer (2007). Increased numbers of differential 
times makes it much easier for the code to make an appropriate fit for the Vp/Vs slope. 
The current Nicoya database is not conducive to this method. There is additional Nicoya 
dataset that has been used by different researchers involved in the CRSEIZE experiments 
that could be added to attempt this calculation in the future.  
Data used in the study had to be chosen carefully. Events need to be clustered 






Figure 5.11: Vp/Vs determined by the Lin & Shearer (2007) method. The circles 
represent earthquakes and each cluster of events is contained within a box. The numbers 
in the cluster boxes are the cluster numbers in Fig. 5.12 and Table 5.1. All earthquakes 
are within the seismogenic zone at Nicoya peninsula (~18-24 km depth). Clusters of 


































Figure 5.12: Demeand differential time residuals form each of the clusters shown in Fig. 
5.11. The L2 norm fit is shown by the green line and the robust Huber norm fit is shown 
in red. Errors for each of these fits are documented in Table 5.1. 















































































































































































velocity ratios remain constant within the cluster or the estimation will be inaccurate. A 
big limitation to the Nicoya dataset seems to be the lack of P and S pairs. Many of the  
cross-correlated events within a cluster would have abundant differential times but would 
infrequently have the P and S arrival pairs for a particular station.  Identifying a master 
event from each cluster, picking P and S on all stations, and cross-correlating the master 
event through the continuous data available would be one way to increase the number of 
differential times for each cluster.   
The resolved ratios, as seen with the noisy synthetic data, are very sensitive to the 
differential times used in the study. Since the synthetic data code applied random 
Gaussian and uniformly distributed noise to the differential times calculated from random 
events, each run of the code gave slightly different model outputs. Occasionally this 
randomness made for a solution very different from the true 1.732 Vp/Vs value. Lin & 
Shearer (2007) suggest that this differential time bias may become especially obvious 
when hypocentral distances are small, causing P and S to arrive close together. 
Additionally, inappropriate windowing during the waveform cross-correlation can skew 
the differential times and thus underestimate the Vp/Vs ratio (Lin & Shearer 2007). 
 
5.3 Conclusions 
 The addition of the TUCAN data to the integrated CRSEIZE/SFB data provides 
improved, fine grid velocity models of the Nicaragua-Costa Rica subduction zone. Upon 
inspections of the velocity structure at the top of the slab I find correlations of 
documented SSE with high velocity and high Vp/Vs areas (Fig. 5.13). The 2012 Nicoya 
earthquake seems to be correlated with the down-dip edge of the low velocity layer 
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containing the seismogenic zone earthquakes instead of GPS calculated locked zones 
(Feng et al. 2012). The intention of the high resolution Vp/Vs study was to obtain a more 
detailed look at the material properties of the Nicoya peninsula seismogenic zone and 
compare them to the fine grid Vp/Vs models. Due to the nature of the data set, the Vp/Vs 
calculations were not reliable. There exists additional data collected during the CRSEIZE 
experiments as well as new data being collected since the September 2012 earthquake. It 



































































































































































































































































   Cluster information for Vp/Vs determination. 
 
Cluster # of Events # of dt's L2 Vp/Vs & Error Robust Vp/Vs & Error 
1 9 53 1.124 +/- 6.748 1.208 +/- 0.254 
2 39 77 0.074 +/- 3.965 1.536 +/- 0.899 
3 13 117 1.575 +/- 8.268 1.670 +/- 0.069 
4 20 104 0.179 +/- 1.873 1.457 +/- 0.485 
5 16 54 1.203 +/- 7.287 1.372 +/- 0.591 
6 29 41 1.664 +/- 11.637 1.754 +/- 0.148 
7 6 62 0.417 +/- 30.962 1.761 +/- 0.991 
 






 The aim of the research in this dissertation was to characterize the seismogenic 
zone structure of the Nicaragua-Costa Rica segment of the Middle American subduction 
zone. Prior to this work, several individual network experiments were conducted to 
obtain tomographic images at localized regions along the margin. These experiments 
used different inversion techniques and different starting models, making it very difficult 
to compare the models and what changes in structure might occur along strike. I have 
conducted 3D velocity tomography along over 400 km of the Middle American 
subduction zone using a high quality integrated dataset to investigate velocity changes 
along strike and how these changes may affect seismogenic zone behavior.  
 The initial task of this project was to integrate the data of five separate 
experiments along the margin. What seemed to be an easy task became more complicated 
as I realized that there was no consistent quality control, and sometimes no quality 
control at all, during the initial phase picking of the data. These quality determinations 
are desirable in the inversion scheme to appropriately weight the P and S arrivals. With 
the shear number of events, it was necessary to implement an automated phase picker to 
test the validity of the existing picks. The weights assigned, based on how close the 
automatic picker was to the existing pick, were then used to scale the weighting 
parameters in the tomography algorithm. With this method I was able to utilize only the 
highest quality data to ensure the validity of the tomographic images. Along with the new 
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qualities, all of the data were cross correlated using a cross correlation with bispectrum 
verification algorithm (BCSEIS, Du et al. 2004) to obtain high precision differential 
times and further reduce picking inaccuracies.  
Since many seismic studies depend on the accuracy of travel time datasets, the 
phase quality verification method outlined is a unique and useful contribution to the 
literature. This method can be easily applied to consistently quantify the quality of 
preexisting datasets where waveforms are available. The Wavelet-AIC method allows for 
quick and consistent verification of pre-existing phase onset quality, which is valuable 
when many people have analyzed the data and inconsistent quality factors result. 
 The coarse grid tomographic models derived using the quality controlled data 
allow for a continuous along-strike, 3D view into the subduction seismogenic zone. 
Overall, Nicaragua is characterized by strong, widespread low Vp and Vs anomalies 
indicative of a fractured and well-hydrated incoming plate. Here the slab is less defined 
by seismicity or a fast velocity anomaly. Low velocity anomalies beneath and paralleling 
the slab suggest serpentinization of the oceanic mantle. Bend related normal faults have 
been imaged through seismic reflection in Nicaragua where the plate dip is steep and 
bending is intense (Ranero et al. 2003; Grevemeyer et al. 2005). A number of faults are 
seen to cut through the crust into the uppermost mantle. It has been suggested that these 
faults may allow water to penetrate into the oceanic mantle and lead to wide-spread 
serpentinization (Ranero et al. 2003; Grevemeyer et al. 2005). This area has been 
documented previously to exhibit anomalously low seismic velocities (Grevemeyer et al. 
2007; Ivandic et al. 2008; van Avendonk et al. 2011) as seen in this study. A gradual 
weakening of the low velocity anomalies occurs through northern Costa Rica and a 
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traditional fast slab structure and slow wedge is developed along the Nicoya peninsula 
area (between CX B and CX C). The transition in velocity structure occurs is near the 
Santa Elena suture, which separates the upper plate Chortis block from the Chorotega 
block, suggesting it is both the upper and lower plates that influence broad-scale features 
seen in the velocity structure. Greater upper plate crustal extension in Nicaragua may 
allow opening of fluid pathways and greater hydration into the overriding plate (Dinc et 
al. 2011).  
Costa Rica shows more of a typical fast slab structure associated with subduction 
zones. Microseismicity along the plate interface is well-developed and spatially 
associated with a low Vp and Vp/Vs layer above the fast slab.  This is interpreted as the 
seismogenic zone. The low velocities at the top of the slab could indicate fluids. 
Subduction transports large volumes of water down into the mantle via sediment/crust 
pore space, hydrous minerals, and faults. It is most likely that as the plate subducts, fluids 
are continuously released (Rüpke et al. 2002) as the porosity decreases due to lithostatic 
pressure expelling the water. The imaged low velocity layer (LVL) at the top of the slab 
may be hydrated crust or the released water trapped in a subduction channel (von Huene 
et al. 2004). Reflection lines offshore of the Middle America subduction zone (Hinz et al. 
1996) suggest 95% of the ocean sediment cover is subducted (~0.5 km). Additionally 
subduction erosion adds large amounts of upper plate material to the subduction channel 
(von Huene et al. 2004). Deeper, the LVL may be associated with dehydrating 
metamorphic reactions that release water into the overriding plate (Hyndman & Wang 
1993; Hyndman et al. 1997; Oleskevich et al. 1999; Currie et al. 2002; Harris & Wang 
2002; Spinelli & Saffer 2004; Harris et al. 2010). The magnitude of the low velocity 
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anomalies on top of the slab decreases from north to south, which is consistent with 
decreased oceanic crust hydration in Costa Rica. Across the entire margin the 
seismogenic zone earthquakes are contained within the LVL.  
Low Vp and high Vp/Vs at the downdip end of the seismogenic zone is consistent 
with a serpentinized mantle wedge. The downdip limit of seismicity in the seismogenic 
zone corresponds closely to the slab-continental Moho intersection.  These patches of low 
Vp and high Vp/Vs can be found downdip of seismogenic zone seismicity in Nicaragua 
and central Costa Rica as well.  
Moving to a finer 20 x 10 km grid model and adding the TUCAN data to the 
CRSEIZE/SFB data provides a more detailed look at the seismic velocity structure. 
While fewer low velocity anomalies exist in the northern part of the study area than 
observed in the coarse model, there is still a trend of stronger slow Vp features in 
Nicaragua than to the south in Costa Rica. I still image areas of serpentinization of the 
oceanic mantle of the Cocos plate beneath Nicaragua. The region with the most low 
velocity areas in Costa Rica is in the seamount segment, which may be a result of 
additional hydration of the fractured seamounts. 
The Nicoya peninsula has been heavily instrumented over last two decades, which 
has facilitated the discovery of slow slip and subduction tremor.  This instrumentation 
will also provide an excellent dataset of the 2012 Mw 7.6 Nicoya earthquake, though 
much of the local and regional data was not available at this time. SSEs are spatially 
associated with higher velocity areas along the plate interface, as opposed to the 
microseismicity that was associated with low Vp.  Coseismic rupture during the 2012 
Nicoya earthquake, as published by the USGS, appears corresponds to the low velocity 
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zone as well, strengthening our interpretation of this velocity feature as the seismogenic 
zone.  
While I would have liked to have higher resolutions of local Vp/Vs in Nicoya, 
fine grid Vp/Vs tomography results can be used to compare to seismic behavior. In this 
case, SSE are in high Vp/Vs areas while most of the seismicity of the seismogenic zone is 
associated with low Vp/Vs. Vp/Vs measurements can be used to interpret material 
properties. In subduction zones a potential source of high Vp/Vs is serpentinite. It is 
possible that in areas that have some degree of serpentinization, the rock might have 
enough strength to allow for slow slip events while not being able to support regular 
earthquakes. This might explain the occurrence of SSE in the areas of high Vp/Vs at the 
down-dip limit of seismicity. Abers et al. (2009) find that tremor in Cascadia is limited to 
the region where the plate interface is over-pressured due to fluids produced by 
dehydration reactions. The increased pore pressure may trigger ETS by reducing the 
resistance to slip (Burlini et al. 2009). Areas of high Vp/Vs could be indicative of over 
pressured regions. Tremor could be generated by migrating fluids (Burlini et al., 2009), 
which may also produce a high Vp/Vs signature. 
Understanding the connection between velocity structure, fault properties, and 
earthquake behavior provides new insight into seismogenesis and possible hazard along 
the Costa Rican and Nicaraguan portions of the Middle America subduction zone. The 
extent of the low velocity features at the top of the slab that host microseismicity may be 
a proxy for seismogenic zone extent, especially down-dip, but the up-dip and down-dip 
limits of SSE and NVT must also be considered.  The regions failing during slow slip 
events and tremor may not be frictionally stable enough to have earthquakes initiate 
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there, but may be conditionally stable such that large earthquakes may generate slip rates 
that would allow rupture to propagate into these areas. Tomographic images continue to 
confirm the relationship between the incoming plate and variability in seismic velocity 
and microseismicity structure.  In Costa Rica and Nicaragua, the incoming plate 
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Appendix 2 TUCAN Experiment 
 
 





Figure A2.1: TUCAN experiment setup. Yellow circles represent the TUCAN temporary 
array. Black and white triangles are permanent stations. The Nicoya CRSEIZE stations 
are shown as white circles. From G. A. Abers, L. Auger, E. Syracuse, G. Reyes, Boston 
University; K. M. Fischer, C. Rychert, D. Abt, A. Walker, Brown University; J. M. Protti, 
V. G. Salas, OVSICORI, Costa Rica; W. Strauch, P. Perez, INETER, Nicaragua/IRIS 
Consortium. (Abers, G., 2012, TUCAN Webpage, http://people.bu.edu/abers 




       Table A2.2 Station information for the TUCAN experiment 
 







N1 -86.7498 12.1552 26 N N 3T 
N2 -86.7013 12.2329 45 N N 3T 
N3 -86.6435 12.3069 70 N N 3T 
N4 -86.6208 12.4008 73 N N ESP 
N5 -86.5939 12.5113 106 N N 3T 
N6 -86.5324 12.5658 109 N N ESP 
N7 -86.4942 12.6359 81 N N 3T 
N8 -86.4174 12.7007 151 N N ESP 
N9 -86.3737 12.7869 178 N N 3T 
N10 -86.2702 12.9993 140 N N 3T 
N11 -86.1305 13.1964 1106 N N 3T 
N12 -86.0809 13.3854 1778 N N STS2 
N13 -85.8528 13.5741 547 N N STS2 
B1 -86.0212 12.6321 440 B N 3T 
BOA -85.7178 12.4818 550 B N STS2 
B3 -85.4224 12.0397 165 B N 3T 
B4 -85.1218 11.8812 89 B N 3T 
B5 -84.8355 11.5135 62 B N 3T 
COVE -84.3912 10.7518 98 B C STS2 
MANS -85.3811 10.0984 133 C C STS2 
CABA -85.3434 10.2362 34 C C STS-2 
PUCA -85.2598 10.3327 26 C C 40-T 
FINA -85.2098 10.4345 35 C C STS2 
CRUP -85.1246 10.5019 170 C C STS2 
PALM -85.0764 10.5600 0 C C ESP 
TESU -85.0349 10.6336 770 C C STS-2 
TENO -84.9769 10.7045 640 C C ESP 
RITO -84.9308 10.7735 133 C C ESP 
VERA -84.8686 10.8538 0 C C STS2 
CANO -84.7973 10.8979 0 C C STS2 
TABL -84.6963 11.0752 61 C C STS2 
MGA1 -86.2483 12.1490 86 M N 40-T 
C12 -84.3623 11.6901 238 C N 3T 
C13 -83.7721 11.9102 75 C N STS2 
TISM -86.0399 12.0677 112 M N 3T 
MGA2 -86.2483 12.1490 86 M N 40-T 
F1 -87.0964 12.7247 149 F N 3T 
F2 -86.8525 12.4966 179 F N 3T 
! 228!
Table A2.2 Station information for the TUCAN experiment (cont.) 
 







F4 -86.2553 11.8425 520 F N 3T 
F5 -86.0191 11.5818 224 F N 3T 
F6 -85.8208 11.3653 89 F N 3T 
SONZ -85.6073 11.1153 147 F C STS2 
QUEG -85.5077 10.8362 282 F C STS2 
COLI -85.2035 10.6652 456 F C STS2 
LSOL -84.8370 10.2834 1059 F C STS2 
ZAPA -84.3907 10.1725 1675 F C STS2 
HDC5 -84.1167 10.0013 1150 F C 40-T 
IRZU -83.8385 9.8975 1803 F C STS2 
 
Station information from TUCAN webpage, Abers, G., 2012, TUCAN Webpage, 
http://people.bu.edu/abers/TUCAN.html (last accessed November 2012). 
 
